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The purpose of this study was to develop and demonstrate a 
technique for mapping and evaluating forest stands from 
conventional aerial photography. Stands were stereoscopically 
delineated on 1:24000 scale panchromatic photography. The study 
area was a 14,000 acre (5665 ha) portion of Lubrecht Experimental 
Forest, considered typical of mid-elevation coniferous forests of 
west-central Montana. Stand delineation and description was based 
on a photointerpretation criteria recognizing 15 different 
overstory vegetation and topographic variables. 
Photo interpretation variables were used as independent variables 
in statistical analyses to estimate eight different stand 
attributes. Regression analysis was used to predict cubic and 
board foot volume per acre, cubic and board foot growth per acre, 
average site index, and average yield capability. Discriminant 
analysis was used to predict habitat and forest type. 
Most of the photointerpretation variables were found to be 
significantly related to at least one stand attribute. Derived 
regression equations explained from a maximum of 89% of the 
variation in board foot volume per acre to a minimum of 53% of the 
variation in average yield capability. Habitat types were 
correctly classified 58% and forest types 66% of the time. 
A total of 1260 stands were delineated with an average size of 
11.6 acres (4.7 ha). A stand map of the study area was produced 
photogrammetrically. The basic photointerpretation technique is 
believed to be a useful means of expanding forest inventory data 
to unsampled stands. 
Director: Frederick L. Gerlach 
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CHAPTER I 
INTRODUCTION 
Intensive forest management planning depends on 
accurate, detailed, and timely information describing 
conditions on specific portions of the landscape. Forest 
inventory information provides the basis for most management 
decisions. However, to be useful in a local context, this 
information must be related to discrete, identifiable land 
units upon which local management applications are based. 
This is especially important where substantial spatial 
variation exists among forest resource values. 
Numerous forest classification and mapping systems have 
been devised to facilitate coordinated forest resource 
planning. Most have been oriented towards single-factor 
resource evaluations. Individual resources, such as 
vegetation, soils, habitat types, etc., are often mapped 
separately and superimposed to derive interpretations for 
different areas. While this approach may be adequate for 
assessing resource characteristics at specific points across 
the landscape, such as on a grid system, it does not 
necessarily produce land units which are logical or 
1 
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practical from a management standpoint. Also, single-factor 
resource surveys tend to overlook the fact that forest 
resource attributes do not occur independently but are 
actually interrelated components of a complex natural 
system. 
An alternative approach, based on the concept of the 
interrelated nature of forest resources, assumes that 
similar natural areas, as defined by a set of indicators 
such as vegetation and geomorphic characteristics, are 
subject to similar natural processes and responses to 
management (Dyer 1975). Rowe (1971) suggests that "the one 
main purpose in inventorying the forest land resource is to 
provide a framework for integrated resource planning and the 
most informative classification will therefore be based on 
the total landscape rather than on any single component of 
it, whether vegetation, soil, geomorphology, or climate". 
Assuming correlations exist between the resource attributes 
of interest and the criteria used to differentiate areas, 
this approach has the potential of identifying discrete land 
units with multiple management-related resource 
characteristics. Also, a number of pertinent landscape 
indicators may be obtained directly from topographic maps, 
aerial photographs, and other remote sensing imagery. 
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Aerial photography is commonly used in mapping and 
evaluating forest stands. Though not as accurate or 
detailed as field inventory data, certain types of data 
useful in forest planning can be obtained over a large area 
rapidly through aerial photointerpretation. "The boundaries 
of forest types and other stand-condition classes can be 
delineated with greater ease and accuracy, within broad 
limits, from stereoscopic examination of aerial photographs 
than can be done on the ground" (Husch, Miller, and Beers 
1972). Traditionally, stand mapping has been basically a 
single-factor operation, oriented primarily towards existing 
timber species or volumes. 
A relatively new approach to stand mapping involves the 
use of statistical techniques to predict various stand 
attributes from photointerpreted landscape indicators. By 
recognizing both measurable forest overstory and topographic 
or physiographic variables in a photointerpretation scheme, 
it may be possible to estimate measures of stand volume, 
productivity, and composition using predictive statistical 
models, at an accuracy suitable for planning purposes. This 
technique has recently been demonstrated in Montana, with 
moderate success, using high-altitude photography (Martin 
and Gerlach 1981, USFS 1982). 
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The purpose of this study was to apply this stand 
mapping technique using conventional, medium-scale 
panchromatic aerial coverage of a portion of Lubrecht 
Experimental Forest, Montana. The specific objectives were: 
1) To develop a photointerpretation scheme for delineating 
and describing forest stands in terms of directly 
observable vegetation and topographic characteristics, 
2) To statistically estimate various attributes of 
individual stands based on their photointerpreted 
characteristics; specifically, to employ the following 
procedures: 
a) prediction of timber volume and growth per acre, 
average site index, and average yield capability by 
multiple regression analysis, 
b) prediction of habitat type and forest type by 
discriminant analysis, 
c) verification of attribute predictions on selected 
stands, and 
3) To photogrammetrically produce a forest stand map of 
the study area. 
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It was the intent of this study to develop and refine a 
new and innovative technique in forest inventory and mapping 
with practical local application. With the rapid growth of 
computer systems in resource management, it has become 
increasingly feasible for local forest managers to store and 
manipulate massive amounts of data and apply sophisticated 
mathematical techniques operationally. If reliable 
estimates of the desired stand attributes can be obtained 
through the procedures specified above, the role of aerial 
photointerpretation in forest inventory may be greatly 
enhanced. 
CHAPTER II 
LITERATURE REVIEW 
The forest stand is defined as "an aggregation of trees 
or other growth occupying a specific area and sufficiently 
uniform in species composition, age arrangement, and 
condition as to be distinguishable from the forest or other 
growth on adjoining areas" (Davis 1966). In practice, the 
term is used rather loosely, and may have various meanings, 
depending on the level of consideration. For the purposes 
of this paper, it will be assumed that a stand represents a 
manageable land unit with relatively homogeneous overstory 
vegetation and site quality characteristics. Regardless of 
the terminology, the emphasis is on localized areas which 
are the basic land units of intensive forest management 
applications. 
Stratification of the forest into relatively 
homogeneous stands or type-classes from aerial photography 
dates back to the late 1800's in its earliest applications 
(Spurr 1960). Not until the early 1950's, however, were 
photointerpretation and statistical techniques combined to 
provide more efficient forest inventory designs. The most 
6 
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common application of aerial photointerpretation in forest 
inventory has been to identify distinct, homogeneous strata 
in a stratified sampling scheme, which are then subsampled 
on the ground for more detailed information (Husch, et.al. 
1972, Cunia 1978). Substantial gains in sampling efficiency 
(over simple random or systematic sampling) using 
photointerpreted strata have been demonstrated consistently 
(Bickford 1953, 1961, Kendall and Sayn-Wittgenstein 1961, 
Moessner 1963, MacLean 1972, 1981). Cunia (1978) states: 
"The procedure of prestratified sampling with proportional 
or optimum allocation, where the strata are delineated by 
aerial photointerpretation and where the sampling within 
strata are done systematically, is probably one of the most 
common inventory procedures in use today around the world". 
The purpose of most stratified sampling schemes, 
however, is to provide estimates of means for the total 
population, rather than estimates for individual units. 
Several researchers have suggested extrapolating 
ground-sampled stratum means back through the delineated 
strata as the basis for providing mapped, "in-place" 
inventory data (Kendall and Sayn-Wittgenstein 1961, Stage 
and Alley 1972, Lund 1978). This technique may work as long 
as the criteria used in delineating strata are logically and 
consistently related to the parameter(s) of interest. 
Problems arise, however, when multiple objectives (such as 
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volume, growth, and site assessment) are specified in the 
inventory design (Frayer 1974). In multi-parameter 
stratified sampling schemes, inflated variances may result 
for some parameters if the several parameters of interest 
are not. all positively and highly correlated with each other 
(Wensel 1974), and volume and growth may actually be 
negatively correlated in some cases. If additional criteria 
are specified for defining strata in relation to various 
parameters, the potential number of strata may quickly 
become unwieldy, and require an inefficient amount of field 
data collection. 
An alternative method for characterizing delineated 
units (the approach taken in this study) involves developing 
correlations between the ground-sampled parameters of 
interest and corresponding photointerpretation variables 
(Lund 1978, Martin and Gerlach 1981). Multiple stand 
attributes (volume, growth, site index, etc.) might then be 
extrapolated to unsampled stands using statistical 
prediction techniques. By this method, a number of 
different landscape indicators, relating variously to 
different stand attributes, could be collected by 
photointerpretation, stored in a data base, and used as 
needed in separate equations. 
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Development of an efficient stand delineation scheme 
required consideration of basic stand dynamics and the 
ability to photographically detect differing stand 
conditions. The location of stand boundaries is dependent 
upon basically three factors: 1) past cultural or 
management practices, 2) natural disturbances, such as fire, 
or insect and disease outbreaks, and 3) the inherent 
biophysical capability of the land, which is in turn the 
result of a complex mixture of climate, soils and geology, 
and topography. 
Thus, a multi-purpose stand mapping scheme ought to 
involve recognition of relatively temporal vegetational 
features, as well as more permanent physical characteristics 
of the landscape. Jaakkola and Draeger (1971) list several 
considerations which should be kept in mind when designing a 
stand delineation scheme: 
-In delineation, one classifies material having 
diffuse boundaries between classes into discrete 
categories. This characteristic diffuse quality is 
a feature of nearly all natural populations, such 
as forests. Consequently, the delineation may be 
arbitrary, even though the criteria for delineation 
may be quite explicit. On the other hand, some 
stands, such as recently logged areas, possess 
sharp boundaries and are easily delineated. Thus 
the degree of difficulty for the delineation 
process varies considerably from one stand to 
another. 
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-The definitions of the classes to be delineated are 
not necessarily mutually exclusive. 
-The nature of the classification is often 
multi-dimensional? i.e., there may be several 
nested classifications to be interpreted 
simultaneously ... although the final output is a 
single map. Thus, the stand boundaries compromise 
all of the characteristics involved. 
-The dynamics of stand boundaries must be considered 
when one is determining the photo requirements for 
forest stand delineations. If stand boundaries are 
of a permanent character, then existing photography 
may be adequate. However, if the stand boundaries 
are of a dynamic nature, then periodic updating 
using recently acquired photography may be 
necessary. 
-So called "ground truth" pertaining to stand 
delineations is difficult to collect. 
This study was concerned with statistically deriving 
estimates of stand volume, productivity, and composition 
based on a single delineation system. Although techniques 
for photogrammetric estimation of stand attributes have been 
developed, rarely have multiple attributes been estimated 
from a given set of photointerpretation criteria. Pertinent 
theoretical considerations and investigated techniques for 
each of these components are reviewed here. 
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TIMBER VOLUME ASSESSMENT 
Of the various forest photointerpretation concepts 
applied in this study, aerial volume estimation is perhaps 
the most straightforward, well documented, and successful. 
Numerous methods have been devised, ranging from subjective 
estimation of broad volume classes, to intensive, highly 
precise tree measurements on large-scale imagery; from 
simple sampling designs using crude measurement devices, to 
sophisticated multi-stage designs involving the use of space 
imagery and automated image analysis. These various 
techniques are well covered in the standard texts dealing 
with this subject (American Society of Photogrammetry (ASP) 
1960, Spurr 1960, Loetsch and Haller 1964, Avery 1966, 
Husch, et.al. 1972, ASP 1975, Paine 1981). The focus of 
attention here, however, will be on measurements obtainable 
by conventional, manual photointerpretation techniques, 
which are useful in timber volume estimation as independent 
variables in multiple regression analysis. 
The most useful ground-based tree measurements for 
estimating tree volumes are, respectively, stem diameter 
(usually as dbh, diameter breast height) and total tree 
height. On aerial photography, height can be measured 
directly on stereoscopic coverage by differential parallax, 
while dbh can be approximated by photo measurement of crown 
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diameter. In a manner analogous to ground-based methods, 
these photo variables may be used as independent variables 
in regression equations for predicting tree volumes. 
Predicted volumes may then be generated and used in the 
construction of aerial tree volume tables, which are entered 
with photo-measured height, crown diameter, or, usually, 
both. 
Aerial tree volume estimates can never be as accurate 
as ground-based estimates for several reasons, measurement 
error being the most obvious. Highly precise 
photogrammetric measurements of tree height and crown 
diameter are possible on large-scale photography in fairly 
open timber. However, this becomes increasingly difficult 
on smaller scales of photography and in dense timber, 
especially when crowns begin to blend together and 
individual trees become less distinct. 
Another, more subtle source of error arises from the 
fact that crown diameter is not always a reliable indicator 
of dbh. Since, by basic geometric principles, volume varies 
with the square of diameter, error in volume estimation due 
to a lack of correlation between crown diameter and dbh is 
likely to be magnified. Although crown diameter has been 
shown to be correlated with dbh (the curve describing the 
relationship is slightly S-shaped), the effects of stand 
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density, site quality, and age confound the relationship, 
and estimates of dbh based solely on crown diameter are 
generally associated with a large amount of error (Spurr 
1960, Paine 1981). Smith (1965), using carefully measured 
felled-tree data, found that 92-97% of the variation in 
volume for three western conifer species (Douglas-fir, 
western hemlock, and western red cedar) could be explained 
with dbh and height, while 69-79% could be accounted for 
using crown diameter and height. Hence, tree volume is more 
closely correlated with dbh than crown diameter, and in 
terms of photointerpretation variables, height is a 
relatively more important factor in tree volume estimation. 
A further requirement in tree volume estimation is that 
the imagery be of sufficient resolution to allow accurate 
tree counts, so that tree volumes can be expanded to an area 
basis. Nevertheless, if high-quality, large-scale 
photography is available, aerial tree-volume tables or 
equations may be very useful in areas of high-value timber 
and/or relative inaccessibility. In particular, the 
increasing refinement in recent years in the use of 
large-scale 70-mm photography has opened up new 
opportunities in intensive forest inventory (Aldred and Lowe 
1978). 
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Because of the special requirements in the use of 
single-tree aerial volume tables and equations, and the 
difficulty of measuring and counting individual trees, the 
stand volume approach, wherein per acre volume is estimated 
from photo variables describing homogeneous stand 
conditions, is more commonly applied. The primary 
independent variables in aerial stand volume tables and 
equations are average stand height, crown closure or canopy 
coverage, and, to a lesser extent, average crown diameter. 
Various combinations and transformations of these basic 
variables are present in almost all aerial stand volume 
equations, the form of the equations depending on species, 
locality, photographic scale, etc. Average stand height 
usually the average of several dominant or codominant trees 
in a fixed-area plot or delineated stand - is consistently 
highly correlated with volume. Crown closure, defined as 
the percentage of an area covered by tree crowns projected 
vertically to the ground, is also usually well correlated 
with volume. As a replacement for individual crown counts, 
percentage crown coverage can be easily measured by the use 
of a transparent reference template, and the use of this 
variable partly accounts for the greater practicality and 
desirability of the aerial stand volume approach. Average 
crown diameter is usually not well correlated with stand 
volume and is often not included in stand volume 
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regressions. However, many photointerpreters find that it 
does contribute enough to be included; if not by itself, as 
part of an interaction term. The combination of canopy 
coverage and crown diameter may be useful, since canopy 
coverage by itself provides little indication of stand 
density without some measure of the average crown size 
(Smith 1965) . 
Early attempts at volume table construction using these 
variables were done by alignment chart and manual 
curve-fitting methods (Moessner 1957, Spurr 1960). 
Gradually, multiple regression analysis became a more common 
method of relating photo-measured variables to stand volume, 
especially with the advent of high-speed electronic 
computers. In one of the first definitive studies in aerial 
stand volume table construction by regression analysis, 
Gingrich and Meyer (1955), working in oak stands in 
Pennsylvania with 1:12000 scale photography, developed 
regression equations predicting cubic foot volume per fifth 
acre plot in trees five inches dbh and larger, and seven 
inches dbh and larger. Using average height and crown 
closure as independent variables, they found that 72% of the 
variation in volume for trees five inches dbh and larger 
could be accounted for with a standard error of 25% of 
average plot volume, and 76% of the variation in volume for 
trees seven inches dbh and larger could be accounted for 
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with a standard error of 29% of mean plot volume. A total 
of 93 plots were sampled. Crown diameter was found to be 
significantly correlated with volume, but the partial 
correlation of crown diameter was non-significant when the 
effects of height and crown closure were removed. Hence, 
variables containing crown diameter in these regressions 
showed up as non-significant. 
In mature conifer stands of interior British Columbia, 
Allison and Breadon (1961), using 1:15840 scale photography, 
developed a regression equation using average height and 
canopy coverage which could account for 67% of the variation 
in cubic foot volume per acre, with a standard error of 268 
cubic feet per acre (±8% of mean volume). However, their 
regression was done primarily to adjust regional volume 
table estimates to local conditions, and was based on only 
33 sample plots. Also, their minimum diameter limit was 
11.1 inches dbh - fairly high by most standards today. 
Pope (1962) provides a very thorough discussion on the 
use of multiple regression in aerial stand volume table 
construction for Douglas-fir in the Pacific Northwest. 
Using 1:12000 scale photography, 282 fifth-acre plots were 
established both on the photos and in the field. Because 
analysis of the basic data indicated curvilinearity in the 
relationship between height and volume, the square of height 
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was used and found to be a particularly important 
independent variable. The best single variable studied was 
height squared times crown closure, accounting for about 80% 
of the variation in both cubic and board foot volume per 
acre. His final equations, using various combinations of 
height, crown closure, and their squares and products, 
provided an R-squared value of .82 (accounting for 82% of 
the variation) for cubic foot volume per acre, with a 
standard error of 29% of mean plot volume, and an R-squared 
value of .84 for board foot volume per acre with a standard 
error of 35% of mean plot volume. Once again, crown 
diameter was found to be not significantly correlated with 
stand volume. However, in 1974, Paine and Rogers (Paine 
1981), using the same data, found that crown diameter was 
significant when used in a triple interaction term with 
height and crown closure, though the theoretical basis for 
such a term is rather obscure. 
In the Rocky Mountain states, several aerial stand 
volume tables have been developed by Moessner (1957, 1963). 
Composite aerial volume tables for mixed conifer stands were 
constructed from regression equations based on data from 460 
fifth-acre plots throughout the region (1963). Again, 
height and crown coverage were found to be the most useful 
independent variables and crown diameter was only of minor 
importance and not included in the final equations. The 
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equation for cubic foot volume per acre accounted for 74% of 
the variation, with a standard error of 50% of the mean plot 
volume (1370 cu. ft. per acre). The board foot volume 
equation also accounted for 74% of the variation, with a 
standard error of 61% of the mean plot volume (7747 bd. ft. 
per acre). 
The intended use of most aerial stand volume tables is 
to provide rough volume estimates for a large number of 
systematically distributed photo plots, which are then 
adjusted to local conditions based on a subsample of ground 
plots. Rogers (1959) describes an inventory technique in 
which photo plot data is related directly to ground plot 
data by regression, in essence creating a local aerial 
volume equation and eliminating the need for a stand volume 
table before photointerpretation. At the time that paper 
was written, performing regression analysis with a large set 
of data could be a formidable task, and the availability of 
a preconstructed aerial volume table was an important 
consideration. However, as the increasing availability of 
computers has brought the ability to perform complex and 
tedious mathematical operations within reach of almost all 
forestry personnel, it would seem that the need for 
preconstructed aerial volume tables would become less 
crucial in future inventories. 
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This enhanced capability may also allow the derivation 
of more sophisticated prediction equations, incorporating a 
larger array of independent variables. For instance, in 
almost all of the stand volume studies cited above, site 
quality is mentioned as a likely influence on volume per 
acre but is not controlled for. If variables correlated 
with site quality could be incorporated into these equations 
(the "other things being equal" interpretation) it may be 
possible to achieve greater precision in aerial volume 
estimates. While it is usually desirable, even with machine 
processing, to keep equations as simple as possible, this 
must be balanced against possible gains from larger 
equations and the precision requirements of the volume 
inventory. 
SITE QUALITY ASSESSMENT 
Assessment of forest site quality, or potential 
productivity, is one of the most perplexing, and important, 
problems in forest inventory. Site quality is the 
reflection of a complex of interrelated biotic, edaphic, 
topographic, and climatic factors, and is generally 
estimated indirectly by various simplified indicators. 
"Estimates of productivity are essential for the practical 
evaluation of forest areas, and opinions on this subject 
differ mainly as to the relative merits of growth-rate 
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indices and the means of deriving them" (Rowe 1962). The 
current study attempted to statistically predict two 
commonly used measures of forest productivity, site index 
and habitat type, from photointerpreted variables. 
Theoretical concepts and techniques relating to 
photogrammetric assessment of these attributes are reviewed 
here. 
Site Index 
Site index is defined as the height attained on a given 
site by free-growing dominant and codominant trees of a 
given species at a given base age, such as 50 or 100 years. 
This is based on the fact that height is the best single 
tree measurement related to site potential and is less 
influenced by stand density than other tree dimensions. 
Site index curves describing the course of height 
growth on different sites have been derived for most 
commercially important tree species. Though not without its 
inadequacies, site index is a simple, easily understood 
concept, and is the most widely used measure of timber 
productivity. 
Since tree age cannot be determined accurately on 
aerial photos, there are only limited possibilities for 
estimating site index from photogrammetric tree 
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measurements. Colwell (1967) suggested that height 
measurements of the oldest, largest trees in a stand (which 
can be assumed to have reached their maximum heights) could 
be used in estimating site index. Since site index curves 
tend to flatten out and become asymptotic as trees become 
overmature, one might deduce site index by relating these 
height figures to the upper end of the appropriate curves. 
This approach might provide good results in mature, 
even-aged stands and when species can be accurately detected 
from the imagery. However, a critical assumption in the use 
of site index is that the sample trees have been dominant 
throughout their lives and have not been strongly affected 
by stand history, such as partial cutting operations. Many 
stands are composed of a complex mix of age classes, and 
often the oldest, largest trees are actually former 
understory trees which were previously suppressed. The 
described technique seems highly subject to error, and it is 
not known if it has ever been scientifically tested. 
Another method for estimating site index from photo 
tree measurements involves the use of a height/crown 
diameter ratio. A tree of a given height on a poor site 
will be older than a tree of the same height on a better 
site. The older tree will tend to have a larger, spreading 
crown and will therefore have a lower height/crown diameter 
ratio. Using data for Scotch pine in Germany, Spurr (1960) 
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found that "the variation in the ratio between site classes 
is apparently great enough to permit its use in the 
determination of site quality from aerial photographs". 
However, the effectiveness of this variable may vary with 
species and stand density. In fact, Smith (1965) suggested 
that this ratio is probably a better measure of stand 
density than site index. He found that this variable 
accounted for 1.7% of the variation in site index with 167 
western hemlock sample trees, 5% of the variation with 184 
Douglas-fir trees, and 12% of the variation with 77 western 
red cedar sample trees. Paine (1981) produced a regression 
equation using the height/crown diameter ratio and percent 
crown canopy coverage as independent variables. This 
equation accounted for 79% of the variation in site index 
with a standard error of 10 feet (at the 100-year base age) . 
However, he warned that not enough sample data was used in 
his analysis to make valid inferences. 
Since many sites lack suitable sample trees for 
determining site index, either because of unsuitable stand 
conditions or deforestation, much research has been directed 
towards prediction of site index by relating it to limiting 
factors of the physical environment; i.e.: climate, soils, 
and topography. This is known as the factorial approach, 
and the usual technique follows these basic steps (Jones 
1969): 
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1) Selection of environmental factors which might limit or 
otherwise be related to site index. 
2) Selection from among these factors ones deemed 
practical to work with. 
3) Definition of a study universe which will restrict as 
many of the other factors as feasible to a reasonable 
degree of uniformity. 
4) Location of plots in stands suitable for site index 
determination. 
5) Collection of site index and environmental data. 
6) Prediction of site index using environmental factors as 
independent variables in stepwise regression analysis. 
Numerous studies have been conducted relating measured 
soil and topographic parameters to site index. From the 
standpoint of aerial photointerpretation, however, 
topography is the only environmental factor which can really 
be observed and measured. Certain gross features of the 
soil can be observed (i.e., the presence of numerous rock 
outcrops would indicate relatively shallow, undeveloped 
soils (Choate 1961)), but most soil parameters can only be 
indirectly inferred on aerial photography, especially when 
most of the ground surface is covered by forest canopy. 
Nevertheless, topographic and soil parameters are often 
highly correlated, and much of the effect of topography on 
site index may be expressed indirectly through its effect on 
soil parameters. Significant correlations have been found 
between topographic parameters (i.e., slope gradient. 
24 
configuration, and length, aspect, and elevation) with soil 
depth and organic matter content (Aandahl 1948), soil 
drainage (Troeh 1964), and stage of weathering (Young 1972). 
The influence of topography on soil and site was described 
by Kuchler (1967): "The importance of topography is 
revealed especially in the relation that exists between the 
vegetation on the one hand, and the water economy of the 
soil and the features of the microclimate on the other. 
Convex surfaces differ markedly from concave ones even 
though the contrast is ever so slight ... even the 
slightest rise will occasion an increased runoff and erosion 
of the finest soil particles ... In depressions, on the 
other hand, no matter how shallow, soil and water 
accumulate, promoting growth, but snow and cold air 
accumulate as well, retarding growth". 
A number of pertinent studies can be found describing 
significant differences in site index due to topographic 
factors. In western Washington, Tarrant (1950) found no 
significant difference in site index for Douglas-fir between 
two soil types, but did find a difference significant below 
the 5% level between mean site index values of convex and 
concave topography - both when each soil was considered 
separately and when the data for both soils were combined. 
Mogren (1959) defined three ponderosa pine "site area 
classes" in the Black Hills primarily on the basis of slope 
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and aspect, and found statistically significant differences 
between the mean site index values of the three classes. 
Myers and Van Deusen (1960) later refined this approach by 
deriving separate regression equations (for two types of 
bedrock) for the prediction of ponderosa pine site index in 
the Black Hills. Significant independent variables included 
slope gradient, slope position (expressed as distance 
upslope as a percentage of total slope length), aspect, and 
soil depth. On crystalline bedrock, 83% of the variation in 
site index could be explained, and 78% of the variation 
could be accounted for on limestone bedrock. Clary, et.al. 
(1966) found that the standard error of site index could be 
reduced by 30% when two soil types in northern Arizona were 
stratified by topography (swale vs. upland). Ferguson 
(1981) developed a method of overlay choropleth mapping for 
predicting red oak site index using slope gradient, slope 
position, slope orientation (aspect), and soil depth (two 
classes) as independent variables. His selection of 
independent variables was based on a previous soil-site 
study (Trimble and Weitzman 1956) which produced a 
regression equation accounting for 75% of the variation in 
site index. 
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In the northern Rockies, moisture is the environmental 
factor most often limiting to tree growth, and most 
soil-site studies in the region have identified topographic 
and soil parameters relating to this factor as being 
significant. However, there is also evidence that 
topography may influence tree growth more directly in its 
effect on photosynthetic rates and water deficits. A study 
in West Virginia (Lee and Sypolt 1974), under conditions of 
ample moisture and uniform soils, found significant 
differences in basal area growth rates between north- and 
south-facing adjacent slopes. According to Lee and Sypolt, 
the different growth rates "probably cannot be attributed 
solely to differences in physical or chemical properties of 
soils or to soil moisture regimes ... Characteristic growth 
differences that occur with aspect appear to be attributable 
to characteristic radiation and thermal regimes that 
directly affect the physiological processes of trees". 
Only a few studies have attempted to statistically 
predict site index from photointerpretation or remotely 
sensed data, with mixed results. Smith and Bajzak (1961) 
used photointerpreted aspect, local slope position, general 
slope position, percent of slope, shape in profile, shape in 
contour, elevation, soil depth, and moisture regime as 
independent variables in multiple regression for prediction 
of site index at the University of British Columbia Forest. 
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Using all nine independent variables, 32% of the variation 
in site index could be accounted for, with a standard error 
of 23.7 feet, or 19.5% of the mean. Using only three 
variables, however, (elevation, moisture regime, and local 
slope position), a standard error of 23.8 feet was obtained. 
They concluded that site index classes could be better 
interpreted and mapped from the photos (1:15000 scale) 
subjectively. Details of their analysis are somewhat 
sketchy, but it is likely that better results could have 
been obtained with more refined independent variables. For 
instance, values for moisture regime were apparently 
obtained by arbitrarily ordering photointerpreted moisture 
regime classes against site index. 
Choate (1961) had similar results in estimating 
Douglas-fir site index over a large area of Oregon and 
Washington. Using elevation, latitude, aspect, slope 
percent, shape in profile, shape in contour, and apparent 
soil depth (based on the presence of rock outcrops), a 
maximum of 28% of the site index variation could be 
accounted for. Elevation and latitude proved to be the most 
useful variables in this study, while aspect and slope, 
though significant, contributed relatively little to site 
index prediction. Possible reasons for the poor showing of 
slope and aspect, in both of these studies, could be due to 
the fact that these variables are not strongly correlated 
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with site index in that region, and to the somewhat 
arbitrary ratings assigned to these variables, especially 
aspect. Choate concludes that his results "are probably 
more important as indicators of the direction of future 
research. Such research might investigate new criteria as 
well as improve the evaluation schemes for some of those 
used in this study". 
In a more recent study (Getter and Tom 1977, Tom and 
Miller 1980), researchers in Colorado used Landsat 
multispectral data, topographic and solar insolation data 
obtained from a digital terrain model, and photointerpreted 
vegetation cover type to classify 2.5-acre pixels into nine 
site index classes by discriminant analysis. Thirty-seven 
site index ground control plots were correctly classified 
97% of the time using eleven independent variables. 
Habitat Types 
Classification of land units by site index or yield 
capability implies a single-factor interpretation, i.e, the 
production of timber. While site index is a convenient 
means of summarizing ecological characteristics in a 
practical form, other interpretations, such as successional 
trends or regeneration potential, cannot be inferred by this 
information alone. An alternative method of site 
classification involves the use of indicator vegetation as a 
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reflection of the environmental factors influencing site 
quality. 
Much of the earliest site classification work in North 
America using ground vegetation as an indicator of site 
quality took place in Canada, in the form of forest 
site-types (Losee 1942, Rowe 1962,1971, Jones 1969). 
Coincidentally, much of the pioneering work in aerial 
photointerpretation in forestry took place in Canada, due 
mainly to the vast amount of undeveloped forest area. As 
early as 1942, Losee (1942) developed a photointerpretation 
key using overstory species composition, canopy coverage, 
and topographic location to deduce forest site-types 
(defined by characteristic understory vegetation) of the 
Petawawa Experimental Forest in Ontario. 
The forest habitat type system is an ecological land 
classification system based on potential climax vegetation. 
Habitat types have been found to have a number of important 
interpretations in'forest management and are currently used 
extensively for forest site classification in the northern 
Rockies (Daubenmire 1973, 1976, Deitschman 1973, Stage and 
Alley 1973, Pfister, et.al. 1977, Pfister and Arno 1980). 
"Responses to vegetation management can be expected to be 
generally similar on units of land with the same habitat 
type if the current vegetative community and other variables 
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are also considered" (Pfister and Arno 1980). However, 
timber productivity cannot necessarily be inferred based on 
a habitat type classification (Daubenmire 1976) , and tests 
to ascertain ranges of yield capability by habitat type have 
revealed a large amount of variation in some cases (Pfister, 
et.al. 1977). 
Actual habitat type classification of a specific area 
requires an examination of minor understory and overstory 
indicator species (details of the classification scheme can 
be found in Pfister, et.al. 1977). Hence, direct 
photointerpretation of habitat types is limited to 
identification of overstory tree species, which cannot 
usually be reliably identified on medium-scale panchromatic 
photography, and may not be the climax overstory component 
of the habitat type, anyway. It is generally acknowledged, 
however, that in a limited geographic area, holding the 
broad effects of climate constant, the pattern of habitat 
types across the landscape is closely associated with soils 
and topography. While topographic or landform 
characteristics interpreted from maps and aerial photos have 
been used extensively in habitat type mapping studies, the 
associations have been based primarily on subjective 
interpretations, augmented with a large amount of ground 
checking (Daubenmire 1973, Deitschman 1973). 
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Two recent studies (Martin 1979, Martin and Gerlach 
1981) attempted to classify mapped land units by habitat 
type, using photointerpreted topography and overstory 
vegetation/1 as independent variables in discriminant 
analysis. Martin found that habitat type could be correctly 
classified to the phase level 43% of the time using land 
form (topography), 16% using existing overstory vegetation, 
and 48% using all variables, and to the type level 53% using 
land form, 26% using overstory vegetation, and 57% using all 
variables. Martin and Gerlach correctly classified habitat 
types 37% at the phase level, and 39% at the type level, 
using a combined set of overstory vegetation and topographic 
variables. 
RELATED STUDIES 
Most of the earlier studies mentioned above were 
concerned mainly with assessing a single stand attribute on 
a plot-wise basis - appropriate for extensive regional 
inventories, but not providing mapped, in-place stand 
information. In recent years, research in this area has 
/I While existing overstory vegetation may bear no 
resemblance to the potential vegetation indicated by the 
habitat type name, the rationale for using existing 
vegetation variables was that certain diagnostic char­
acteristics of the existing vegetation may represent 
differences in site conditions. 
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emphasized the ability to accurately detect and map various 
stand condition classes and the use of more refined 
independent variables and prediction techniques. Much of 
the work in mapping has involved direct interpretation of 
stand conditions through the use of newer, specialized types 
of imagery. However, enhanced computer capabilities for 
data storage, manipulation, and analysis have also opened 
new opportunities for indirectly estimating stand attributes 
using conventionally photointerpreted variables. 
In a comprehensive timber inventory of the Plumas 
National Forest in California (Titus, et.al. 1975), a 
multistage sampling scheme, involving Landsat imagery, 
large-scale aerial photography, and ground sampling, was 
used to provide per hectare estimates of six parameters: 
number of trees, square meter basal area, square meter basal 
area growth (5-year), cubic meter volume, board foot volume, 
and square meter surface area. Four broad vegetation strata 
were delineated on the Landsat imagery and then subsampled 
on large-scale aerial photo plots. Photointerpretation data 
were then linked to a subsample of ground plots by 
regression analysis. All parameters except one (number of 
trees per hectare) were estimated with a standard error of 
less than 10% of the mean. An automated image 
interpretation program was apparently used to provide 
graphic output for in-place mapping of vegetation and stand 
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condition classes. 
The site index mapping study in Colorado (Getter and 
Tom 1977, Tom and Miller 1980) was innovative in that 
variables obtained from a variety of sources (Landsat 
multispectral data, digital terrain data, and 
photointerpreted vegetation) were used to predict and map 
site index classes. 
Martin (1979) used 12 land form and existing vegetation 
variables, obtained by grid sampling on separately compiled 
maps (from different types of photography), to examine 
associations between these variables and habitat type 
distributions and to predict habitat type by discriminant 
analysis. While significant relationships were observed, 
neither mapped land form nor existing overstory vegetation 
unit boundaries coincided consistently with field checked 
habitat type boundaries. He concluded that land unit 
delineation in terms of quantifiable land form 
characteristics could provide a more sensitive 
classification of the environment than habitat typing, and 
that "the attainment of an acceptable percentage of 
correctly classified habitat types from land form 
characteristics suggests that close relationships may also 
be definable between land form and other resource 
attributes, such as site productivity, soil depth, soil 
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moisture, etc.". 
In a recent study in south-central Montana (Martin and 
Gerlach 1981), multiple stand attributes were statistically 
estimated from a set of stand delineation criteria used on 
high-altitude photography. The delineation criteria 
included overstory vegetation variables (photographic 
pattern and texture, canopy coverage, average stand height, 
and average crown diameter) and topographic variables 
(aspect, slope angle, slope position, contour curvature, and 
elevation). These variables were selectively chosen as 
independent variables to be used in the prediction of 
various attributes of the delineated stands. Regression 
analysis was used to predict cubic and board foot volume per 
acre, cubic and board foot growth per acre, average site 
index, and average yield capability. All regressions were 
significant at the .001 level of significance with 
calculated R-squared values as follows /2 : cubic foot 
volume per acre (.73), board foot volume per acre (.80), 
cubic foot growth per acre (.66), board foot growth per acre 
(.68), average site index (.72), and average yield (.86). 
As mentioned earlier, discriminant analysis was used to 
/2 Actually, two study areas were examined, with slightly 
different methods and results. Only the results most 
directly applicable to the current study are reported here. 
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classify stands by habitat type with a correct 
classification of 37% at the phase level and 39% at the type 
level. In addition, stand maps were compiled, by manual and 
computerized methods, to cover standard USGS 7.5-minute 
quadrangle sheets. 
This study was essentially the precursor of the current 
study, and most of the basic concepts presented in the 
earlier paper were built upon and refined here. The current 
study differs mainly in the scale of photography used, the 
definition or resolution of the independent 
photointerpretation variables, and the geographic area of 
consideration, and was seen as a developmental test of the 
basic technique under different conditions. An effort was 
made here to use methods and materials (and to present 
results) suited to practicing foresters on a local, or 
district level. 
In 1982, the Northern Region of the U. S. Forest 
Service implemented this technique semi-operationally for 
mapping and evaluating stands throughout Missoula and 
Mineral counties in Montana (USFS 1982). Again, stand 
delineation and photointerpretation was performed manually 
on high-altitude photography. However, the mapping phase of 
this project was almost fully automated, through the use of 
the Digital Terrain Information System (USFS 1981), a 
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state-of-the-art computer package for natural resource 
mapping and data manipulation. Stand attribute prediction 
results thus far have been mixed; however, due to the 
flexibility of this system for handling data input, 
improvements are anticipated with further research in this 
area. 
CHAPTER III 
STUDY AREA 
Lubrecht Experimental Forest, a 23,000 acre (9300 ha) 
research facility of the University of Montana School of 
Forestry, is located approximately 30 miles (48 km) east of 
Missoula, Montana. The area is generally mountainous and is 
considered to be typical of mid-elevation coniferous forests 
of west-central Montana. Situated about 50 miles (80 km) 
west of the Continental Divide, the area is climatically 
mid-range between the more moist maritime climate to the 
north and west, and the drier, continental climate to the 
south and east. 
For the period 1957-1979, the average annual monthly 
temperature recorded at Greenough (elevation approximately 
4100 feet (1250 m) m.s.l.) was 39.2 F, with average monthly 
temperatures ranging from 16.9 F in January to 62.4 F in 
July. Average annual precipitation was 17.6 inches (447.0 
mm), ranging from 12.2 inches (309.9 mm) in 1960 to 29.5 
inches (749.3 mm) in 1975 (Steele 1980). Average 
precipitation is higher and temperature variations are less 
at higher elevations in the Forest. 
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The actual study area covered about 14,000 acres (5665 
ha) of the Forest in a rectangular strip running east-west 
(see figure 1). The area includes Sections 7 through 24, 
T.13 N., R.14 W., and Sections 10 through 15, and 22 through 
24, T.13 N., R.15 W., Principal Meridian Montana. 
Elevations range from just below 4,000 feet (1219 m) at the 
western edge of the study area and at the confluence of Cap 
Wallace Creek and Elk Creek, to just over 5,600 feet (1700 
m), along the eastern edge of the study area, in the upper 
reaches of Cap Wallace Creek and North Fork Elk Creek. 
The study area is located on the northerly slope of the 
Garnet Range. Geologically, the area is underlain primarily 
by Precambrian Belt rocks, Tertiary basin deposits, and 
igneous quartz monzonite (granite), with minor occurrences 
of Quaternary alluvial deposits, limestone, and other 
igneous intrusions (Brenner 1964). Gravelly and sandy loam 
soils (Inceptisols and Entisols) have developed on the 
Precambrian and igneous substrates, while soils on the 
Tertiary basin deposits are mainly silt loams and clays 
(Alfisols and Mollisols) (Brenner 1964, USDA Soil 
Conservation Service 1972). 
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The type of bedrock appears to be related to the 
landforms which have evolved in the study area. A casual 
inspection of topographic maps or stereoscopic aerial photo 
coverage reveals distinct topographic differences between 
east and west portions of the study area. From 
approximately Stinkwater Creek eastward, the landscape is 
characterized by generally accentuated relief, with many 
deeply cut canyons and tributary gullies, corresponding 
steep slopes, and relatively sharp ridgelines. This 
landform is best expressed in the southeastern quarter of 
the study area, which is entirely over granitic bedrock. 
Coarse, shallow soils and rock outcrops are common in this 
area. The western half of the study area is characterized 
by relatively subdued relief, with broad slopes and ridges, 
and a lack of well-defined stream channels. The Tertiary 
basin deposits are restricted mostly to the low-lying areas 
and depressions in the northwestern quarter of the study 
area. The associated topography is mildly undulating, 
almost flat, with many closed, undrained depressions. 
Roadcuts through this material near Lubrecht Camp reveal a 
reddish, puffed-up, clayey soil, indicative of bentonitic or 
montmorillonitic clays. Small stream channels draining 
upland areas near Coyote Park (in Precambrian Belt rocks) 
tend to flatten out, dry out, and become less distinct upon 
crossing the Tertiary basin deposits, perhaps partly because 
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of the high water-holding capacity and greater depth of 
these soils. 
These differences in topographic expression became 
important factors in determining the size and resolution of 
the delineated land units during photointerpretation. 
Apparently, differences in geology are reflected not 
only by soils and landforms, but also by vegetation. In 
another study conducted near the current study area, Goldin 
(1976) found that "at similar topographic positions, 
definite differences occurred in plant distribution and 
community structure according to the underlying substrate"; 
habitat types occurring on limestone soils were of a more 
droughty nature than those found on granitic or quartzitic 
soils on similar topographic sites. 
Almost all of the study area supports, or is capable of 
supporting, forest vegetation, with the exception of a few 
isolated areas of riparian zones, rock outcrops and scree 
slopes, and mining and other disturbances. The principal 
tree species are (in order of dominance) : Douglas-fir 
(Pseudotsuaa menziesii), ponderosa pine (Pinus ponderosa), 
lodgepole pine (Pinus contorta), and western larch (Larix 
occidentalis). 
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Douglas-fir occurs on all exposures throughout the 
study area. Ponderosa pine and Douglas-fir form open stands 
on semi-arid southerly slopes, especially at lower 
elevations. Lodgepole pine occurs on northerly exposures at 
lower elevations, becoming increasingly common, on all 
exposures, at higher elevations. Dense, even-aged stands of 
lodgepole pine have commonly become established on 
previously burned areas. Western larch occurs primarily on 
northerly slopes at all elevations, in combination with 
varying amounts of Douglas-fir and lodgepole pine. Lubrecht 
Forest is near the eastern edge of the geographic range of 
western larch, and while it is a significant component of 
many stands, it is rarely the dominant overstory species. A 
few distinctive two-storied stands occur in the eastern half 
of the study area in which an upper story of relict 
old-growth larch, apparently survivors of a past fire, 
overtop a lower story of dense, "dog-hair" lodgepole pine. 
In the nearly flat terrain around Lubrecht Camp, ponderosa 
pine, Douglas-fir, and western larch occur in almost equal 
proportions, apparently even in old-growth situations. 
Engelmann spruce (Picea enaelmanii) and subalpine fir 
(Abies lasiocarpa) occur locally in minor amounts along 
stream bottoms and drainage areas, and on a few northerly 
slopes and cold pockets at higher elevations. 
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Small groves of black cottonwood (PQPUIUS trichocarpa) 
and quaking aspen (PQPUIUS tremuloides) are found in very 
restricted swampy areas, and are a very minor component of 
the overall forest overstory vegetation. 
Most of the study area, and of Lubrecht Forest in 
general, is second-growth forest. Early logging began 
during the period 1904-1906, when most of Township 13 North, 
Range 15 West (including the western third of the study 
area) was logged by the Anaconda Company. The remainder of 
the study area was logged during the period 1925-1934, when 
railroad spur lines were built up Elk Creek, North Fork Elk 
Creek, and Stinkwater Creek (Cauvin 1961, Steele 1964). 
Only small experimental and sanitation cuttings have taken 
place since then, until recently. A major logging operation 
in the western third of the study area began during the 
summer of 1982 and is currently in progress. 
The early logging practices removed only the largest 
merchantable timber and left many trees which have since 
become dominant overstory trees. This has resulted in many 
stands having a clumpy, uneven appearance, with a scattering 
of older dominant trees interspersed with lower stories of 
emerging poles and saplings in various densities. In other 
areas, the lack of cultural treatments has resulted in 
stands with erratic overstory patterns and size 
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distributions, even though the age distribution may be 
rather uniform. Thus, while it is a common goal in forest 
management to create uniform stand conditions, and the 
primary timber species in the area are suitable for 
even-aged stand management, most of the truly uniform stands 
in the study area did not arrive at that condition by design 
of management. 
One of the goals of ongoing research at Lubrecht 
Experimental Forest is to develop more efficient and 
intelligent timber management practices. It is believed 
that the type of mapping envisioned in this study will be 
useful for identifying and prioritizing those stands 
suitable for various management and research applications. 
CHAPTER IV 
STUDY DESIGN 
The essential problems addressed in this study involved 
the ability to photogrammetrically map timber stands and to 
estimate measures of the volume, productivity, and 
composition of those stands based on their photointerpreted 
characteristics. These estimates were provided through 
statistical prediction models based on quantitative 
relationships between photointerpretation variables and 
selected ground attributes. 
To accomplish the study objectives, four basic task 
areas were identified: 1) collection of ground data, 2) 
photointerpretation and mapping, 3) statistical analysis and 
prediction, and 4) field verification. 
GROUND DATA COLLECTION 
In order to develop reliable correlations between the 
photointerpreted variables and actual stand conditions, it 
was necessary to obtain accurate field data over the range 
of conditions found in the study area. An intensive field 
sample was conducted during the 1980 and 1981 field seasons. 
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Beginning in 1980, a densified network of ground 
control points with known positional coordinates (X, Y State 
Plane Coordinates, and Z, elevation) has been implemented 
and tested in the study area (Gerlach, in progress). Since 
the ability to accurately locate and map field locations is 
an important consideration in studies such as this one, 
field data were collected in coordination with this control 
system. 
Field plots were located at 150-foot (45.7 m) intervals 
along randomly selected transect lines between control 
stations (which average 1320 feet (402 m) apart in a roughly 
square grid system). All plots were variable-radius plots, 
with appropriate basal area factors chosen within each stand 
to assure an adequate number of tally trees. Data 
collection followed standard Forest Survey timber inventory 
procedures (USFS 1978). Data collected at each plot 
included basic tree measurements - i.e., height, dbh, radial 
growth, and age (for site trees) - stand size and structure, 
physiographic and topographic characteristics, habitat type, 
and forest type. An example of the field data collection 
form used is shown in Appendix A. A total of 255 field 
plots along 25 transects were sampled. Raw field data were 
transcribed in coded form onto computer files and stored on 
magnetic tape. 
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Sample plot locations were accurately pin-pointed in 
the field on 1:12000 scale color aerial photos. Also, 
knowing the ground coordinates and calculated bearings 
between control points allowed for calculation of the ground 
coordinates of the sample plots. Computer files of these 
coordinates were compiled which could then be used as input 
to mapping programs. Control point and sample plot 
locations were plotted at 1:24000 scale and overlaid to 
7.5-minute quadrangle coverage of the study area. This 
provided a relatively accurate visualization of the field 
locations against a standard topographic map base, which 
would become useful during the photointerpretation and 
mapping phase of this study. 
Raw field data were computer processed using equations 
and algorithms selected for accuracy and applicability to 
the study area. Volume equations were adapted from Champion 
Timberlands (1980) and Brackett (1973). Scribner Decimal C 
board foot volume was calculated for trees six inches dbh 
and larger, and cubic foot volume (including stumps and 
tops) was calculated for trees two inches dbh and larger. A 
volume growth algorithm was developed based on 
empirically-derived height-diameter relationships observed 
within the study area. Site index and yield capability 
equations were adapted from Brickell (1970), with the 
exception of the site index equation for ponderosa pine, 
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which was from Tesch and others (1980). Site index figures 
are for a 50-year base age. Yield capability equations are 
derived from various functions of site index, and assume 
fully stocked natural stands (Brickell 1970). Actual yields 
may be somewhat less in stands with rock outcrops or 
limiting soil conditions. However, for the purposes of this 
study, only the unadjusted yield figures were used. Yield 
capability was expressed in cubic feet per acre per year. 
An output file of plot summary data was produced which 
would be used in calculating ground data statistics and in 
matching ground data to corresponding photointerpretation 
data. 
PHOTOINTERPRETATION AND MAPPING 
A flight line of 1:24000 scale panchromatic (black and 
white) aerial photography of the study area was taken in 
July, 1980. Eight exposures (providing roughly seven 
stereomodels) were taken in a strip running east-west. 
Nominal focal length of the photography was six inches. 
This type of conventional medium-scale photography, commonly 
known as "resource photography", is probably the most 
commonly available, widely used, and least expensive aerial 
photography used in forestry applications today. 
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Photointerpretation. was done stereoscopically under 
magnification with an Alan Gordon Enterprises Condor T-22 
stereoscope. This instrument provides 1.5- and 3-power 
magnification, producing approximate working scales on this 
photography of 1:16000 and 1:8000, respectively. Stand 
delineation was done over a light table on film 
diapositives, which were subsequently placed in a Kelsh 
projection stereoplotter for photogrammetric mapping. These 
diapositives were printed emulsion-down, allowing stand 
boundaries to be inked (and easily erased) on the film base, 
while providing a "right-reading" image to work with. 
Selection of photointerpretation criteria was based 
primarily on two considerations: 1) there had to be a 
theoretical connection between the photointerpreted 
variables and the stand attributes to be estimated, and 2) 
the variables would have to be consistently and objectively 
measured and observed on the aerial photography. No attempt 
would be made to directly interpret stand attributes during 
photointerpretation. The guiding purpose in designing the 
photointerpretation scheme was that the variables obtained 
from the aerial photography would be used as independent 
variables in statistical equations for predicting several 
(dependent variable) stand attributes. 
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A further consideration which influenced the nature of 
the variables chosen was the minimum area limit of the 
delineated stands. Since delineation stressed the 
recognition of homogeneous conditions of overstory and 
topography, the relative definition of "homogeneity" was 
somewhat dependent on this specification. A five-acre 
minimum limit was chosen arbitrarily, but was believed to be 
an appropriate size for most local timber management 
operations. Smaller areas could have been delineated given 
the resolution of the photography, but this probably would 
have resulted in a large number of unworkably small units, 
at least from the standpoint of practical timber management 
planning. Only in a few special cases, such as swamps or 
mines, were smaller units delineated. 
The selected photointerpretation criteria are listed in 
Tables 1 and 2. Two groups of photointerpretation (P.I.) 
variables were recognized, delineation and descriptive 
variables. Delineation variables were those that were most 
useful in detecting and categorizing different stand 
conditions. Once stands were delineated and coded in terms 
of the initial eight delineation variables, data were 
collected for seven more descriptive variables, which, in 
general, were more easily collected after attention could be 
focused on a delineated area. In addition, two 
supplementary variables were collected, photointerpreted 
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forest type, and geology/parent material (from Brenner 
196 8), but were not used as independent variables in the 
statistical analyses. Forest type was subjectively 
estimated, as is traditionally done in photointerpretation, 
to compare classification accuracy with that obtained by 
statistical prediction methods. 
Pattern and texture were evaluated by comparison with 
representative stands of each category. The 'mottled' 
pattern category was split into two distinct types. 
Mottled-systematic refers to stands with a repetitive, 
usually striated pattern which was observed in areas of 
partial cutting or seepage zones. The mottled-erratic 
category refers to stands with no apparent order to a 
partially broken pattern, but with somewhat evenly 
distributed openings in the canopy. Broken pattern 
indicates stands with many irregular openings and highly 
variable tree size distributions. The complex texture 
category refers to usually two-storied stands with both fine 
and coarse texture images intermixed. Percent canopy 
coverage was measured using a standard reference template. 
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Table 1. Delineation Criteria 
I. Overstory Pattern VI. Plan Form 
1. Uniform, evenly distributed 
2. Mottled, systematic 
3. Mottled, erratic 
4. Broken 
II. Overstory Texture 
1. Very fine 
2. Medium fine 
3. Medium coarse 
4. Coarse 
5. Complex 
1. Notably convex 
(Rh<80 m.)* 
2. Slightly convex 
(80<Rh<200 m.) 
3. Nearly straight 
(Rh>200 to Rh<-200 m.) 
4. Slightly concave 
(-80>Rh>-200 m.) 
5. Notably concave 
(Rh>-80 m.) 
6. Undulating 
* Rh=radius of 
horizontal curvature 
III. Percent Canopy Coverage 
1. Less than 25% 
2. 25 - 40% 
3. 40 - 55% 
4. 55 - 70% 
5. 70 - 85% 
6. Greater than 85% 
VII. Profile Form 
1. Convex 
2. Straight 
3. Concave 
4. Undulating 
IV. Slope Gradient 
1. 0 - 5% 
2. 5 - 15% 
3. 15 - 35% 
4. 35 - 55% 
5. 55 - 75% 
6. Greater than 75% 
V. Aspect (° Az.) 
VIII. Landscape Modifiers 
1. None 
2. Logging 
3. Mining 
4. Rock outcrops, scree 
5. High water table 
6. Hardwoods (>60%) 
7. Hardwoods (20-60%) 
8. Two-storied stand 
9. Unknown/other 
1. N (338 - 22) 
2. NE (23 - 67) 
3. E (68 - 112) 
4. SE (113 - 157) 
5. S (158 - 202) 
6. SW (203 - 247) 
7. W (248 - 292) 
8. NW (293 - 227) 
9. Flat (Less than 5% slope) 
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Table 2. Descriptive Criteria 
I. Average Stand Height (feet) 
1. Less than 30 
2. 31 - 45 
3. 46 - 60 
4. 61 - 75 
5. Greater than 76 
VI. Drainage Order 
1. First order 
2. Second order 
3. Third order 
4. Fourth order 
5. Fifth order 
II. Average Crown Diameter (feet) VII. Average Photographic 
1. Less than 7 
2. 7 - 14 
3. 14 - 21 
4. 21 - 30 
5. Greater than 30 
Tone 
1. Light 
2. Medium 
3. Dark 
III. Physiographic Class 
1. Main ridge, interfluve 
2. Flat, bench 
3. Midslope ridge 
4. Midslope facet 
5. Midslope drain 
6. Stream bottom 
IV. Local Slope Position 
1. Lower slope 
2. Midslope 
3. Upper slope 
V. Elevation (feet m.s.l.) 
Ancillary Variables 
VIII. Photointerpreted 
Forest Type 
1. Ponderosa pine 
2. Douglas-fir 
3. Douglas-fir/western 
larch/ponderosa 
pine 
4. Douglas-fir/western 
larch 
5. Lodgepole pine 
6. Engelmann spruce/ 
Subalpine fir 
7. Hardwoods 
1. 3800 
2. 4000 
3. 4200 
4. 4400 
5. 4600 
6. 4800 
7. 5000 
8. 5200 
9. 5400 
10. 5600 
11. 5800 
4000 
4200 
4400 
4600 
4800 
5000 
5200 
5400 
5600 
5800 
6000 
IX. Parent Material* 
1. Quaternary gravels 
2. Tertiary basin 
deposits 
3. Limestone 
4. Precambrian bedrock 
5. Igneous bedrock 
*(from Brenner 1968) 
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The combination of overstory (image) pattern and 
texture, and percent canopy coverage, was believed to be 
most useful for recognizing particular overstory conditions. 
The perceived texture of a stand on a given scale of 
photography is a function of the size, shape, and spacing of 
the individual tree crowns (ASP 1960). Unless the stand is 
truly uniform in terms of size, age, site conditions, etc., 
there will probably be breaks in the forest canopy, 
resulting in a less than uniform overstory pattern. On 
medium to small scale photography, pattern and texture have 
long been used by photointerpreters to provide clues to 
stand structure and composition (ASP 1960, 1975). For 
instance, dense stands of even-aged lodgepole pine appear on 
aerial photos as uniform, fine-textured, and "carpet-like", 
while old-growth stands of ponderosa pine on dry exposures 
tend to have coarse textures and broken patterns. While 
percent canopy coverage provides information about the 
amount of area occupied by vegetation, it provides no 
indication by itself of the pattern or density of the 
vegetation. It was felt that using all three variables, 
pattern, texture, and canopy coverage, provided an efficient 
means of initially stratifying overstory conditions, which 
could then be measured in more detail for average stand 
height and crown diameter. 
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Aspect was measured directly from the photos and 
topographic maps. Plan form was evaluated in terms of 
relative concavity or convexity with reference templates 
drawn to scale. The selected values for radius of 
horizontal curvature were based on field observations and 
previous studies (Young 1972, Martin 1979). A similar 
measure of profile form, though possible, would have been 
very cumbersome to evaluate on aerial photography (as noted 
by Martin 1979) , and the slightly more subjective categories 
of profile form were evaluated visually. The landscape 
modification variable was chosen mainly to sort cases in 
later analyses and was not meant to be used as an 
independent variable. Local slope position and general 
physiographic location, while lacking quantitative values, 
could be used to characterize stands fairly consistently 
once delineations were made. 
Drainage order refers to the order of the stream 
adjacent to or drained by a stand. The smallest, ephemeral 
stream courses were classified as first order. The 
confluence of two first-order streams produced a 
second-order stream, two second-order streams combine to 
form a third-order stream, and so on. The confluence of a 
given stream with a lower-order stream, however, would not 
change the classification of the first stream (i.e., a 
first-order stream joining a second-order stream would not 
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raise the order of the second-order stream)(after Strahler 
1957) . As would be expected, most cases involved 
first-order drainages, with decreasing proportions in each 
higher order. In the context of this study, the highest 
order attained was fifth-order, in the lower reaches of Elk 
Creek. The rationale for using this variable was that the 
size of the stream channel adjacent to a stand would be 
related to soil moisture, and hence parameters such as 
volume, growth, site quality, and floristic composition. 
Most streams regarded as first-order were actually dry most 
of the year, while those above third order usually had at 
least intermittent stretches of running water throughout the 
year. Also, this variable was rather easily determined from 
maps and aerial photography, and most of the stands could be 
classified without much ambiguity. Stands located on 
benches or ridgetops that were not clearly in any particular 
drainage were assigned a missing value code for this 
variable. 
An attempt was made to measure the average tone of 
stands with a reference gray scale. Tone is usually used in 
photointerpretation to identify species, but the intention 
here was to obtain a measure of relative reflectance, 
resulting from the combined effects of tree foliage and 
ground reflectance. However, as has been found in many 
other studies (ASP 1960, 1975), tone varied too much across 
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a single photograph, for a number of reasons, to be of much 
use. Thus, the categories of this variable that finally 
were used only represent gross differences evaluated by 
visual comparison. 
In making stand delineations, attention was usually 
focused first on areas reflecting distinctive overstory 
conditions. Within these areas, further subdivisions could 
usually be made along breaks in slope, aspect, or 
topographic form. Of course, drastic breaks in topography, 
such as sharp ridgelines, provided natural lines for stand 
delineation regardless of overstory appearance (although 
such drastic changes were usually also reflected in the 
vegetation). 
The relatively short focal length of the photography 
enhanced vertical exaggeration when viewing in stereo, thus 
accentuating topography, which was desirable in delineation. 
In many areas, however, topography was rather weakly 
expressed, and delineations were based primarily on the 
appearance of the overstory. 
Most photointerpretation data was obtained while 
working on the stereoscope. However, a few variables were 
more easily and accurately obtained while mapping on the 
Kelsh plotter. Pattern, texture, canopy coverage, aspect, 
plan and profile form, landscape modifiers, slope position, 
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drainage order, physiographic class, and average tone were 
obtained during preliminary photointerpretation on the 
stereoscope. Slope gradient, average stand height, average 
crown diameter, aind elevation were measured on the Kelsh 
plotter. 
The range of values and the type of categories 
recognized for each of the photointerpretation variables 
were designed in such a way that the correct classification 
could be determined rapidly and consistently, given the 
inherent variability of the stands themselves and the 
limitations of the equipment, while maintaining a certain 
amount of resolution in the criteria. For example, very 
precise tree height measurements could be obtained on the 
Kelsh plotter (i.e., within five feet) but the variation 
around the average height of most stands was probably 
greater than this level of precision. 
As the stands were interpreted and delineated, they 
were assigned a unique identification number. The 
photointerpretation data was recorded in code and stored, 
along with the identifier number, in a computer file. A 
sample of a computer printout listing stands by identifier 
number with their associated P.I. variables is shown in 
Appendix B. 
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After the diapositives were delineated and annotated, 
they were placed in the Kelsh plotter, with an adjacent 
stereomate, for photogrammetric mapping of stand boundary 
detail. Ground control points were located and marked on 
the diapositives. A base map with plotted control points 
was produced on a Calcomp drum plotter at a scale of 1:4800 
(the stereomodel is magnified five times by the Kelsh 
projectors). The control on the photos was then used to 
precisely orient and scale the stereomodel to the base map. 
Also, 7.5-minute quadrangle tick marks were plotted onto the 
base map to allow for registration of the stand map with 
topographic quadrangle coverage of the study area during 
final map compilation. Use of the Kelsh stereoplotter 
allowed for mapping at a precision not normally found in 
natural resource mapping projects. 
STATISTICAL ANALYSIS 
A preliminary step in data analysis involved matching 
field data to corresponding photointerpretation data and 
compiling a data base from which further analyses could be 
performed. This began with carefully transferring field 
plot locations from the 1:12000 scale color photography to 
the 1:24000 scale panchromatic diapositives. A number of 
plots either fell on stand boundary delineations, could not 
be reliably located, or were unsuitable for some other 
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reason, reducing the field data set from 255 to 227 plots. 
Data from these 227 plots were then matched with 
corresponding photointerpretation data from 93 delineated 
stands (some stands had several plots) and were stored as a 
combined data set in a computer file. Further analysis of 
this data set depended on the type of dependent variable 
(stand attribute) under consideration, whether continuous or 
interval-level (volume, growth, site index, or yield 
capability), or categorical or nominal-level (habitat or 
forest type). In either case, though, statistical analysis 
was conducted in basically two steps: 1) measures of 
association and tests of statistical significance were 
calculated for each of the independent P.I. variables 
against the dependent attributes, and 2) predictive models 
were developed for the dependent attributes based on 
information from step 1 and from theoretical considerations. 
All statistical calculations were done using the SPSS 
statistical package (Nie, et.al. 1975) on the University of 
Montana Decsystem-20 computer. 
Interval-level Attributes 
In cases where several field plots were located within 
a delineated stand, field plot data for interval-level stand 
attributes were averaged. It was believed that this would 
reduce the effect of chance fluctuations in field plot data 
61 
and strengthen the correlations between the field data and 
corresponding photointerpretation data. 
For each of the independent P.I. variables, a one-way 
analysis of variance (univariate F-test) was conducted to 
detect significant differences among category means on each 
of the dependent variables. The eta-squared statistic, 
calculated as the ratio of between-groups sum of squares to 
total sum of squares, provided a measure of the total 
variance (linear and nonlinear) in the dependent variable 
explained by the independent variable. Eta-squared values 
can range from zero to a maximum of +1, where all variation 
in the dependent variable would be accounted for by the 
independent variable. 
Multiple regression analysis was used to obtain 
predicted values of the interval-level stand attributes. In 
conventional regression analysis, an equation is derived 
wherein predicted values of a single interval-level 
dependent variable are calculated from a linear combination 
of interval-level independent variables, each multiplied by 
an associated coefficient. The equation also usually 
contains a constant, or intercept, term. The coefficients 
are based on the correlations between the independent 
variables and the dependent variable, and the equations are 
derived in such a way (least squares method) that the 
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differences between the predicted and observed values of the 
dependent variable are minimized over all cases in the 
analysis. The degree to which this error is minimized is 
indicated by certain diagnostic statistics, such as 
R-squared. Thus, given the independent variable values of 
any particular case, the dependent attribute of interest can 
be calculated with a known reliability. 
Since all of the independent P.I. variables used in 
this study were broken into categories and recorded as such, 
they were not truly interval level of measurement. Several 
of the variables (canopy coverage, average stand height, 
average crown diameter, elevation, percent slope, and a 
transformation of aspect) were interval-level by nature and 
could be treated as roughly continuous scale by using their 
midpoint values. However, the remaining variables (pattern, 
texture, tone, plan and profile form, slope position, 
drainage order, and physiographic class), while perhaps not 
beyond measurement, lacked numerical values in this study. 
To incorporate these variables into the analysis, the 
technique of regression with dummy variables was employed. 
Dummy variables are created by treating each category of a 
nominal-level variable as a separate variable and assigning 
arbitrary scores of one or zero to all cases depending on 
the presence or absence of each of the categories./3 These 
variables can then be treated as interval-level and entered 
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into a regression equation of the form 
Y1 = a + fc>i Di + b2 D2 + ... + b D , ^ c n n 
where Y1 is the predicted dependent variable, a is the 
intercept term, bi,b2,...rb are coefficients, and 
Di,D2f...rD are dummy variables. For cases containing only 
the reference category, this equation reduces to Y' = a. 
For cases containing the category represented by dummy 
variable 1, the equation reduces to Y' = a + bj; for cases 
with dummy variable 2, Y' = a + b2, and so on (since the 
other dummy variables would be entered as zero). 
As an example using variables from this study, if only 
pattern and . texture dummy variables were used, the 
prediction equation would have the form 
Y1 = a + biDPati(uniform) + b2DPat2(mottled-systematic) 
+ b3 DPat3 (mottled-erratic) + bi+DTexi (very fine) 
+ b5DTex2 (medium fine) + bgDTex3 (medium coarse) 
+ b7 DTexit (coarse) . 
For a stand having uniform pattern and medium fine texture, 
this equation reduces to 
Y' = a + biDPati + b5DTex2 
/3 Actually, one dummy variable, representing a sort of 
reference category, must be coded only as zero to allow 
solution of the least squares normal equations. 
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(after Martin and Gerlach 1981). 
The procedure followed in this study was to code all of 
the independent P.I. variables as dummy variables, 
selectively using those deemed appropriate for each 
analysis. Also, interval-level variables were included in 
the equations when appropriate, and several interval-level 
variables were created (such as, a cosine transformation of 
aspect, and various transformations and combinations of 
average height, average crown diameter, and canopy 
coverage). Although it is likely that some significant 
interaction terms exist involving the dummy variables, none 
were found in the several attempts that were tried, and 
exploring this possibility could be a formidable job in 
itself (from 13 independent P.I. variables, 78 dummy 
variables were created, with roughly 2 billion possible 
interaction terms). Independent variables were entered 
into, and removed from, the equations in a step-wise manner, 
depending on their relative contribution to the explained 
variation and whether meeting specified limiting criteria 
for entry and removal. 
Several statistical measures were provided to evaluate 
the regression equations. The R-squared statistic indicates 
the proportion of variation accounted for in a dependent 
variable by the independent variable(s). Adjusted R-squared 
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is an R-squared statistic adjusted for the number of 
independent variables in the equation and the number of 
cases (Kim and Kohout 1975, p.358). It is a more 
conservative estimate of the percentage of variation 
explained, and is generally thought to be a more sensitive 
measure of the reliability of an equation. The standard 
error of the estimate is a measure of the dispersion of the 
actual Y values from the predicted Y' values. As the 
regression line (or surface) can be thought of as a kind of 
"moving average", the standard error of the estimate is 
analogous to the standard deviation of a sample mean, and 
when expressed as a percentage of the mean of the cases used 
in the analysis, is directly comparable to the coefficient 
of variation (in percent). 
Nominal-level Attributes 
Since nominal-level attributes cannot be rationally 
averaged, as can interval-level attributes, statistical 
analyses involving nominal attributes had to be conducted on 
a plot-by-plot basis. For instance, where two different 
habitat types were found within a delineated stand, the two 
habitat type codes could not be combined to form an 
"average" habitat type. Thus, ground-sampled nominal 
attributes had to be matched plot-by-plot to the P.I. data 
describing the stands in which they fell, resulting in some 
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stands having identical sets of P.I. data but different 
nominal attribute ground data. 
Chi-square tests were conducted to determine if P.I. 
variables were independent of nominal attributes. A measure 
of association was provided by the asymmetric lambda 
statistic. Asymmetric lambda measures the percentage 
improvement in the ability to predict a nominal dependent 
variable given the value of a nominal independent variable 
and, like eta-squared, ranges in value from zero to one. 
Discriminant analysis was the multivariate statistical 
procedure used to predict nominal stand attributes given 
several independent P.I. variables. The central concept of 
discriminant analysis is that maximization of between-group 
variation relative to pooled within-group variation (i.e., 
maximum group separation) can be achieved through suitable 
weighted linear combinations of independent, or 
"discriminating", variables. "The mathematical objective of 
discriminant analysis is to weight and linearly combine the 
discriminating variables in some fashion so that groups are 
forced to be as statistically distinct as possible" (Klecka 
1975). 
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The weighted linear combination is known as the 
discriminant function and is of the form 
D^ = diZi + d2Z2 + ... + 3pZp , 
where is the discriminant score on function i, the d's 
are weighting coefficients, and the Z's are the standardized 
values of the original p variates (Klecka 1975, p.435). The 
mean discriminant score on each function within a particular 
group defines its group centroid, or most typical location 
for a case from that group in n-dimensional space. 
Classifying a case by discriminant analysis basically 
involves assigning it the membership of the group 
represented by the nearest centroid. The overall 
classification accuracy can be evaluated by classifying 
cases of known group membership, such as the original cases 
used in the analysis, and finding the percentage correctly 
classified. 
Discriminant functions are derived in such a way that 
the overall multivariate F-ratio for testing differences 
between group centroids is maximized. This involves solving 
the characteristic equation 
W_1 B - A 11 =0 , 
-l 
where W is the inverse matrix of the pooled within-groups 
sum of squares and cross-products, B is the between-groups 
sum of squares and cross-products matrix, A is an eigenvalue 
(or latent root), I is an identity matrix, and 0 is a 0 
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vector (Green 1976, Cooley and Lohnes 1962). Several 
discriminant functions may be generated by solution of this 
matrix equation and the eigenvalues are measures of the 
relative discriminating power of their corresponding 
functions. Eigenvectors associated with these eigenvalues 
are the discriminant function coefficients. A standardized 
discriminant function coefficient provides an index of the 
relative contribution of its associated independent 
variable, similar in interpretation to beta weights in 
regression analysis. 
The discriminant functions may be thought of as 
defining axes in geometric space, with discriminant scores 
representing the positions of individual cases along those 
axes. The first function is derived such that, given the 
discriminating variables, maximum group separation occurs 
along that axis. One "best" function may not exhaust the 
predictive power of the discriminating variables, and a 
second function may be derived which separates groups along 
an orthogonal axis, given the separation already achieved. 
The final result may be several functions, each providing 
maximum group separation, in decreasing order, along 
mutually orthogonal axes. An examination of the 
coefficients associated with the first function(s) may thus 
indicate which variables are most important for 
discriminating between groups. 
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The number of possible functions derived is equal to 
the number of discriminating variables or one less than the 
number of groups, whichever is less. The dependence on the 
number of variables results from the mathematical 
impossibility of creating more linear functions than there 
are variables comprising them. The dependence on the number 
of groups stems from the basic geometric principle that the 
maximum number of dimensions needed to describe a set of 
points is one less than the number of points (the points in 
this case being the group centroids). 
It is often the case that most of the discrimination 
between groups can be achieved with less than the total 
possible number of discriminant functions. Statistical 
significance of discriminant functions (actually, their 
eigenvalues) can be tested with Wilk's lambda. "Lambda is 
an inverse measure of the discriminating power in the 
original variables which has not yet been removed" (Klecka 
1975). This may be demonstrated intuitively in the case of 
only one function, where lambda is equal to 1/(1+A). Wilk's 
lambda may be converted to a chi-square statistic for 
testing significance. Another useful measure in evaluating 
discriminant functions is the relative eigenvalue 
percentage. Since an eigenvalue is an index of the amount 
of between-group variation accounted for by a function, 
expressing it as a percentage of the sum of all possible 
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eigenvalues provides an easily interpreted measure of the 
relative importance of a function. The number of 
discriminant functions derived was controlled by setting the 
minimum acceptable cumulative eigenvalue percentage at 95%f 
and the maximum significance level of Wilk's lambda at 0.25. 
A requirement of discriminant analysis is that the 
discriminating variables are at least ordinal level of 
measurement. Several of the P.I. variables (pattern, 
texture, tone, and slope position) were actually recorded as 
nominal-level variables, but it was felt that their classes 
could be ordered in a way reflecting their approximate 
relation to each other ("ordered metric" level, as described 
by Nie, et.al. 1975, p.6). No approximate ordering could 
be formulated for plan form, profile form, or physiographic 
class, and these variables were excluded from the analysis. 
The remaining variables were considered roughly 
interval-level, using their class midpoints, or 
ordinal-level. 
In a manner analogous to regression analysis, high 
degrees of collinearity among independent variables lead to 
unstable discriminant function coefficients, not truly 
reflecting the contribution of a variable. This problem can 
be avoided by using a step-wise procedure, where variables 
are entered into the analysis in the order of their 
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discriminating ability, given the variables already entered, 
and variables falling below a certain criteria are excluded 
from the analysis. 
Using the step-wise option of the SPSS DISCRIMINANT 
program, the selection criterion used here was minimization 
of Wilk's lambda (or, equivalently, maximization of the 
overall multivariate F-ratio for the test of differences 
among the group centroids). Significance levels of 
multivariate F-to-enter and F-to-remove were specified at 
0.20 and 0.25, respectively. 
The general classification rule is to assign an 
observation to the group whose centroid is closest to that 
observation in discriminant space. This rule, however, does 
not take into account prior probabilities of group 
membership; that is, the probability of drawing at random a 
member of each group from a mixed population. Prior 
probabilities provide an adjustment based on the relative 
frequency of the groups in the population. If nothing is 
known of the group distributions, it is probably safest to 
assume equal prior probabilities. However, if the total 
sample is reasonably large (i.e., greater than 30 cases) and 
was randomly selected, using the relative frequencies of the 
groups in the sample as a priori probabilities may lead to a 
substantial reduction in misclassification (Morrison 1967). 
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In the analyses done in this study, prior probabilities were 
specified using the relative frequencies of the groups in 
the sample. 
The classification accuracy was checked empirically by 
classifying the original cases of known group membership 
used in deriving the discriminant functions. A 
classification table showing predicted versus observed 
memberships can reveal the overall accuracy of the 
discriminant functions, as well as groups which apparently 
cannot be distinguished from others in terms of the 
discriminating variables. It is important to keep in mind 
that the classification accuracy is not a test of 
statistical significance, and one cannot make inferences 
regarding the reliability of the classifications. 
FIELD VERIFICATION 
During the summer of 1982, field data were collected on 
nine previously unsampled stands, providing a check against 
the predicted attribute values for these stands. Selection 
was based on distinct image characteristics (vegetative and 
topographic) thought to clearly represent a few typical 
stand conditions. The method of sampling these stands was 
slightly different from previous field sampling. A 
transparent grid was overlaid to the delineated stand and a 
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grid point was located near the center of the stand, and 
pinpointed on the aerial photography./4 This pinpointed 
location became the center of a four-point, diamond-shaped 
cluster of sample plots, spaced 150 feet apart. 
By this method, with all four plots located intentionally 
within the most representative part of the stand, a good (or 
at least better) estimate of the attributes of interest for 
that stand would be assured. Also, this data would 
eventually be added to the final data set; whatever 
correlations existed between the sampled attributes and the 
P.I. variables for these stands would be free of error due 
to borderline plots or inadequate sampling, and the final 
predictive models might be strengthened somewhat. 
/4 Bias may be introduced into a sampling scheme when plots 
are chosen subjectively. This danger was circumvented by 
the fact that the grid was placed arbitrarily over the 
photo. Thus, there was no control over where the grid 
points fell, and the sample point location was essentially 
random, within a desired area. Also, pinpointing was 
actually done on aerial photo paper prints (not 
diapositives) since these photos would be needed for field 
use. 
CHAPTER V 
RESULTS 
Study results are presented here in four basic 
categories: field sampling, photointerpretation and 
mapping, analysis of photointerpretation variables and 
predictions, and field verifications. 
FIELD SAMPLING 
Descriptive statistics for the continuous scale 
ground-sampled stand attributes are presented in Table 3. 
These figures are based on data from 255 sample plots. 
Standard errors of less than 10% of the mean were obtained 
for all attributes and was greater than 5% of the mean for 
only one attribute, board foot volume per acre. This was 
considered to be an acceptable level of sampling accuracy 
for the purposes of this project. These statistics provided 
a standard against which further analytical results could be 
compared. The relatively high standard deviation for board 
foot volume is believed to be a reflection of the highly 
variable tree size distributions in the stands of the study 
area. 
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Table 3. Descriptive Statistics for Ground-Sample Data 
Stand 
Attribute 
Std. Std. %Std. 
Mean Deviation Error Error Min. Max, 
Cubic foot 
volume/acre 1965.1 
Board foot 
volume/acre 5526.7 
Cubic foot 
growth/acre 34.0 
Board foot 
growth/acre 143.3 
Average 
Site Index 52.3 
Average 
Yield Capa. 65.7 
1375.7 86.7 4.4 0.0 8553.0 
5454.9 343.6 6.2 0.0 37152.0 
21.6 1.4 4.1 0.0 143.0 
104.6 6.6 4.6 0.0 731.0 
11.2 0.7 1.3 20.0 103.0 
25.0 1.6 2.4 19.0 222.0 
The minimum values of 0.0 for the per acre attributes 
(cubic and board foot volume and growth) are somewhat 
misleading. This may have occurred in cut-over stands, or 
in sparse, open stands where no tally trees could be 
obtained by variable-radius (BAF) plot sampling. In some 
seedling-sapling stands, a number of trees were indeed 
tallied but the maximum dbh recorded was less than the 
minimum limit for the volume equations used (2.0 inches for 
cubic foot and 6.0 inches for board foot volume). In either 
case, values for these attributes may have been quite low, 
but rarely would these per acre figures be truly zero. 
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Table 4 presents a frequency tabulation of the 
nominal-level stand attributes encountered. A total of 23 
different habitat types and eight different forest types 
were identified. Only four habitat types occurred more than 
5% of the time, and these were all in the Pseudotsuga 
menziesii series. Three dominant habitat types, Psme/Vaca, 
Psme/Libo-Vagl phase, and Psme/Syal-Caru phase each occurred 
about 20% of the time. 
Table 4. Frequency Table of Nominal-level Attributes 
abs. rel. 
freq. freq 
(%) 
abs. rel. 
freq. freq. 
(%) 
Habitat type Forest type 
Abla/Libo-Libo 
Abla/Libo-Xete 
Abla/Libo-Vasc 
Abla/Mefe 
Psme/Aruv 
Picea/Gatr 
Abla/Gatr 
Psme/Phma-Phma 
Psme/Phma-Car u 
Psme/Vagl-Vagl 
Psme/Vagl-Aruv 
Psme/Vagl-Xete 
Psme/Libo-Syal 
Psme/Libo-Caru 
Psme/Libo-Vagl 
Psme/Syal-Agsp 
Psme/Syal-Caru 
Psme/Caru-Agsp 
Psme/Caru-Caru 
Psme/Caru-Pipo 
Psme/Cage 
Scree 
Psme/Vaca 
2 0.8 Ponderosa pine 
48 19.2 Douglas-fir 
6 2.4 Douglas-fir/ 
1 0.4 Western larch/ 
6 2.4 Ponderosa pine 
4 1.6 Douglas-fir/ 
4 1.6 Western larch 
10 4.0 Lodgepole pine 
4 1.6 Engelmann spruce/ 
49 19.6 Subalpine fir 
16 6.4 Engelmann spruce 
55 23.0 Hardwoods 
3 1.2 
11 4.4 
2  0 . 8  
1 0.4 
1 0.4 
6 2.4 
5 2.0 
3 1.2 
2  0 . 8  
1 0.4 
10 4.0 
14 5.5 
102 40.0 
70 27.5 
13 5.1 
43 16.9 
8 3.1 
3 1.2 
2  0 . 8  
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The Douglas-fir forest type was by far the most common 
one observed, followed by Douglas-fir/western larch, and 
Douglas-fir/western larch/ponderosa pine. Ponderosa pine 
and lodgepole pine forest types each occurred about 5% of 
the time. The remaining forest types, Engelmann spruce, 
Engelmann spruce/subalpine fir, and hardwoods (aspen and 
cottonwood), each occurred less than 5% of the time. 
PHOTOINTERPRETATION AND MAPPING 
The finished stand map is presented in Plate 1. A 
total of 1260 stands were delineated, with an average unit 
size of 11.6 acres (4.7 ha). The relative ease of stand 
delineation varied considerably over the study area. In the 
eastern portion, with more accentuated topography and 
contrasting stand conditions, delineation was usually rather 
straightforward. In the western portion, however, 
especially near Lubrecht Camp, there was a definite lack of 
contrast in topographic and overstory parameters. Although 
differences were clearly evident, here the changes between 
stand conditions were much more gradual, and delineation was 
somewhat more difficult. The approach in this area was to 
start by splitting out broad differences, mainly in terms of 
overstory variables, and sometimes more subtle subdivisions 
would become apparent. However, most delineations here were 
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the result of numerous trials and revisions and the average 
delineated stand size in this area tended to be somewhat 
larger. 
Overall, the photointerpretation criteria, with the 
exception of one or two categories, appeared to provide a 
suitable and efficient means of identifying and describing 
different stand conditions. The process of interpretation, 
stand delineation, and data recording required about 20 
hours of work per stereomodel. 
Mapping of stand boundary detail was done on the Kelsh 
plotter in a continuous strip; that is, the drafting mylar 
and base map (with control) were moved across the plotting 
table with each set-up of a stereomodel. The final 
manuscript map, at a scale of 1:4800, measured about 11 feet 
long by 3 feet wide. This map was photographically reduced 
to a final compilation scale of 1:12000. A chronoflex print 
(black-line on mylar) of the USGS quadrangle coverage of the 
area was enlarged from 1:24000 to 1:12000 scale and 
registered precisely to the stand detail map. Final map 
compilation involved exposing three separate negative 
overlays (the stand and quad maps, and an overlay of map 
nomenclature and scribed boundary lines framing the detail) 
onto a photographic mylar print. The quadrangle detail 
(contours, section lines, roads, etc.) was screened back 
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50%. The final mylar print is suitable for printing diazo 
reproductions - Plate 1 is a black-line diazo print. 
ANALYSIS OF P.I. VARIABLES AND PREDICTIONS 
The distribution of photointerpretation variables for 
those stands used in statistical analysis is presented in 
Appendix C. Since there was no attempt to optimize sampling 
allocation, as in stratified sampling schemes, some of the 
categories may well be under- or over-sampled. During 
photointerpretation, it became evident that perhaps a few of 
the categories ought to be restructured. The 
mottled-systematic category of overstory pattern was only 
observed a few times, and t-tests revealed that this 
category was not significantly different from the 
mottled-erratic category. Since the difference in 
interpretation was usually only slight, this category was 
combined with mottled-erratic to form a single mottled 
category in subsequent analyses. This is not to say that 
the mottled category could not be subdivided somehow; a 
more sensitive measure of pattern may be highly desirable, 
but a consistent visual criteria for finer divisions could 
not be found in this study. 
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The landscape modification variable also could be 
restructured. In particular, there was no need for two 
hardwood coverage categories. As it turned out, dense 
hardwood groves usually also indicated areas of high water 
table and swamps, and some cases could have gone into either 
category (swamps or hardwoods). This was considered a minor 
problem, though, and since the modifier P.I. variable was 
not used as an independent variable, from the standpoint of 
statistical analysis it was only important that non-modified 
cases be separated from those with obvious departures from 
normal stand conditions. 
Analysis of Interval-level Attributes 
Table 5 presents the results of the univariate F-tests 
and eta-squared measures of association. As might be 
expected, the volume per acre attributes appear to be 
relatively strongly related to overstory-type independent 
variables. The growth per acre attributes also show 
significant relationships with some overstory variables, but 
also reveal some significant effects of topographic 
parameters; in particular, aspect and slope position. The 
site quality attributes, average site index and yield 
capability, appear to be least related to most of the P.I. 
variables. Only plan form, profile form, and texture show 
any statistical significance or degree of association. 
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Table 5. Tests of Significance and Measures of 
Association for Interval-level Attributes. 
Cubic foot Board foot 
volume/acre volume/acre 
P.I. 
Variable F sig. eta2 F sig. eta2 
Pattern 6.20 .001 .176 2.21 .093 .071 
Texture 0.89 .474 .040 1.55 .194 .067 
Canopy 
coverage 8.16 .000 .324 2.91 .018 .146 
Average 
stand height 3.54 .010 .141 12.24 .000 .363 
Average 
crown dia. 0.90 .443 .030 2.99 .035 .094 
Aspect 1.75 .100 .146 0.66 .727 .060 
Slope (%) 0.92 .455 .041 0.73 .575 .033 
Plan form 1.18 .327 .065 1.07 .385 .059 
Profile form 0.11 .956 .004 0.05 .986 .002 
Elevation 3.11 .004 .233 2.38 .023 .189 
Slope position 1.39 .254 .031 1.30 .279 .029 
Physio, class 2.53 .035 .130 1.88 .107 .099 
Drainage order 0.72 .608 .041 0.96 .446 .054 
Ave. tone 10.19 .000 .188 3.28 .042 .069 
Modifier 1.18 .324 .078 0.68 .669 .046 
Parent 
material 1.95 .110 .083 0.80 .527 .036 
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Table 5. Tests of Significance and Measures of 
Association for Interval-level Attributes 
(cont.). 
Cubic foot Board foot 
growth/acre growth/acre 
P.I. 
Variable F sig. eta2 F sig. eta2 
Pattern 4.14 .009 .124 2.51 .064 .079 
Texture 1.81 .134 .077 0.76 .555 .034 
Canopy 
coverage 5.12 .000 .230 2.44 .041 .124 
Average 
stand height 0.44 .779 .020 9.20 .000 .297 
Average 
crown dia. 0.48 .696 .016 1.99 .121 .064 
Aspect 2.49 .018 .193 2.36 .024 .186 
Slope (%) 2.09 .089 .088 1.86 .125 .079 
Plan form 0.73 .601 .041 1.31 .267 .071 
Profile form 3.93 .011 .118 2.26 .087 .072 
Elevation 1.20 .307 .104 1.61 .135 .134 
Slope position 4.09 .020 .084 3.35 .040 .070 
Physio, class 0.70 .626 .039 1.27 .284 .069 
Drainage order 1.92 .099 .100 0.67 .649 .037 
Ave. tone 6.95 .002 .135 2.57 .083 .055 
Modifier 2.30 .042 .139 0.44 .849 .030 
Parent 
material 1.10 .363 .048 0.85 .496 .038 
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Table 5. Tests of Significance and Measures of 
Association for Interval-level Attributes, 
(cont.). 
Average Average 
site index yield capability 
P.I. 
Variable F sig. eta2 F sig. eta2 
Pattern 0.34 .797 .011 0.36 .780 .012 
Texture 3.60 .009 .142 4.14 .004 .160 
Canopy 
coverage 0.43 .827 .024 0.35 .880 .020 
Average 
stand height 1.78 .140 .076 1.82 .132 .077 
Average 
crown dia. 1.06 .369 .035 1.14 .337 .037 
Aspect 0.47 .874 .043 0.62 .756 .057 
Slope (%) 0.96 .434 .042 1.07 .377 .047 
Plan form 2.94 .017 .146 2.70 .026 .136 
Profile form 2.62 .056 .082 2.77 .046 .086 
Elevation 0.35 .943 .033 0.25 .979 .024 
Slope position 2.14 .124 .046 2.97 .057 .063 
Physio, class 1.11 .363 .061 1.35 .253 .073 
Drainage order 1.29 .278 .070 1.24 .297 .067 
Ave. tone 0.12 .889 .003 0.07 .933 .002 
Modifier 1.41 .220 .091 1.39 .229 .089 
Parent 
material 3.18 .017 .127 2.47 .050 .102 
84 
Interestingly, the ancillary parent material variable 
appears to be significantly related to the site quality 
attributes. This factor was obtained from a separate map 
and is only shown here for the sake of comparison. Since it 
was not a directly observable photointerpretation variable, 
it was not used as an independent variable in the prediction 
equations. A more thorough investigation would be needed to 
establish a link between the geology and site quality of the 
area; however, this simple result, and other evidence 
already cited (Goldin 1976), supports the theoretical 
contention of a relationship and hints at the value of this 
factor in a more comprehensive inventory of forest 
productivity. 
Statistics from the regression analyses are presented 
in Table 6. Although only cubic foot growth per acre 
appeared to be significantly affected by the modifier 
variable (Table 5), all of the regression analyses were 
performed only on non-modified cases (i.e., no sign of stand 
disturbance). This was done to avoid error that could be 
introduced by using data from disturbed stands, and allowed 
for a "cleaner" analysis. This reduced the number of usable 
cases from 93 to 77 stands. 
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Table 6. Summary Regression Statistics. 
Stand 
Attribute 
Std. 
R2 adj. R2 Error 
%Std. 
Error 
c. v, 
(%) 
Cubic foot 
volume/acre 
Board foot 
volume/acre 
Cubic foot 
growth/acre 
Board foot 
growth/acre 
Average 
Site Index 
Average 
Yield Capa. 
,73 .69 717.5 33.8 60.4 
89 .86 2180.2 35.0 92.4 
,58 
.67 
,65 
,53 
.51 
.61 
.56 
.46 
12.7 36.3 52.1 
52.0 35.4 56.8 
6.6 12.6 19.1 
15.7 23.8 32.5 
F-tests for all of the regression equations were 
significant beyond the .0001 level. Clearly, though, some 
equations were more reliable than others. Relatively high 
R-squared values were obtained for cubic and board foot 
volume per acre, while growth and site quality equations 
were somewhat less successful. These results might have 
been anticipated given the basic ground-sample statistics 
(Table 3) and the univariate tests of significance and 
measures of association (Table 5). The ground sample data 
indicated a relatively large amount of variation in the 
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volume per acre attributes and the univariate F values and 
eta-squared statistics suggest strong correlations exist 
between some of the P.I. variables and these attributes. 
Thus, a high multiple correlation coefficient could be 
expected. Conversely, the site quality attributes showed 
only a small amount of variation in the ground data 
statistics, and only a few significant correlations were 
indicated between the P.I. variables and these attributes. 
The growth per acre attributes showed a fairly high degree 
of variation in the ground data statistics, but slightly 
weaker relationships (than the volume per acre attributes) 
with the P.I. variables. This is reflected in the 
moderately successful regression statistics. In both volume 
and growth equations, the board foot attribute was more 
successfully predicted, perhaps because of a particularly 
strong relationship with average stand height, and a 
moderately significant effect of crown diameter (which was 
insignificant with cubic foot volume and growth). 
As a further means of comparison, the percent standard 
error and coefficient of variation are provided in Table 
6./5 The difference between the two values provides an 
indication of the relative efficiency of the regression 
equation. 
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In formulating the regression equations, a theoretical 
connection (admittedly slight in some cases) could be 
postulated between each of the dependent variable attributes 
and the independent P.I. variables. Hence, a nearly 
complete set of dummy variables was included in each 
analysis. It is usually more efficient, though, to make use 
of interval-level independent variables as much as possible 
in regression analysis, and specialized continuous variables 
were formulated for each of the analyses based on 
experimentally or empirically demonstrated correlations. As 
expected, variables involving average height and canopy 
coverage were found to be highly significant for explaining 
variation in volume-related attributes. An interaction 
term, height squared times canopy coverage squared (after 
Pope 1962), was found to be particularly useful, accounting 
for about 60% of the variation in both cubic and board foot 
volume per acre. Also as expected, crown diameter was found 
to be a less important variable but did account for a 
significant amount of variation in board foot volume per 
acre, as crown diameter squared and in the triple 
interaction term (average height X crown diameter X canopy 
/5 These figures are based on the non-modified cases used in 
the regression analyses (n=77). Slightly different 
coefficients of variation would be obtained from' the 
original data used in producing Table 3. 
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coverage) (after Paine 1981). The ratio of height to crown 
diameter, as described by Spurr (1960) and Smith (1965), was 
tried as an independent variable in the site index and yield 
equations but was found to be insignificant. 
To control variable entry and removal in the step-wise 
process, probabilities of F-to-enter of 0.20 and F-to-remove 
of 0.25 were specified. While it was undesirable to have 
independent variables in the equations with levels of 
significance as low as 0.20, it was found that optimum 
combinations of variables could be obtained by setting this 
lenient cut-off value. Sometimes it appeared that the 
combined effect of two or more variables accounted for more 
of the variation than a single related variable entered 
early on in the step-wise process, which would become 
insignificant and be removed from the equation. For 
instance, elevation, entered originally as an interval-level 
variable, would be replaced by several of the more important 
elevation dummy variables. Equations which were derived 
using more stringent cut-off criteria, while perhaps having 
less "noise" in the independent variables, did not attain 
the better results possible by letting the equations "run 
their full course" with the more lenient criteria. 
Fortunately, in all of the final derived equations, only a 
few independent variables tested below the 0.10 level of 
significance, and this was considered to be tolerable given 
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the better regression statistics. Summaries of the 
regression equations are presented in Appendix D. 
Analysis of Nominal-level Attributes 
Contingency table analysis revealed that chi-square 
tests of significance for all of the P.I. variables against 
the nominal-level attributes were significant beyond the 
.0001 level. This indicates that the distribution of the 
P.I. variables in relation to habitat and forest type 
occurrence could not have happened by chance. Measures of 
association between the nominal attributes and the P.I. 
variables (asymmetric lambda) are presented in Table 7. 
Overstory variables texture and canopy coverage and 
topographic variables elevation and slope position were 
found to be most highly associated with habitat type 
distribution. Also, aspect and average stand height show 
relatively high lambda values, but it is difficult to 
theoretically justify the association of stand height and 
habitat type, and this result was believed to be mostly 
coincidental. Aspect appeared to be the P.I. variable most 
highly associated with forest type occurrence, followed by 
physiographic class, elevation, and canopy coverage. 
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Table 7. Asymmetric Lambda - Measure of Association 
for Nominal-level Attributes. 
P.I. Variable Habitat type Forest type 
Pattern .090 .031 
Texture .163 .063 
Canopy coverage .247 .100 
Ave. stand height .151 .113 
Ave. crown dia. .078 .050 
Aspect .157 .200 
Slope gradient (%) .072 .025 
Plan form .120 .075 
Profile form .099 .044 
Elevation .229 .100 
Slope position .169 .006 
Physio, class .133 .113 
Drainage order .139 .044 
Average tone .127 .013 
Parent material* .090 .131 
*(from Brenner 1968) 
An important consideration in the use of the lambda 
statistic is that it is assumed that both dependent and 
independent variables are nominal-level. A substantial 
amount of information contained in the interval-level 
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independent variables may be disregarded by treating them as 
nominal-level. This points out a fundamental disadvantage 
in the statistical analysis of nominal-level variables: 
they are generally limited to less powerful analytical 
methods. 
Using discriminant analysis, an overall correct 
classification of 57.8% was obtained for habitat type, and 
65.6% was obtained for forest type. Classification tables 
for habitat and forest type are presented in Table 8. 
Discriminant function coefficients are presented in Appendix 
E. 
For the habitat type analysis, habitat types (to the 
phase level) which were observed in the field only once were 
considered most apt to be originally misclassified, and were 
excluded from the analysis. This reduced the number of 
habitat types considered to 17 and the number of cases to 
218. Seven discriminant functions, out of a total possible 
of nine, were statistically significant for discriminating 
between groups, given the discrimination possible with the 
original independent variables. The relative importance of 
the independent variables, as suggested by the coefficients 
of the first two discriminant functions, seems fairly 
consistent with the lambda measures of association obtained, 
and with general landscape associations observed in the 
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field. Aspect, elevation, and canopy coverage appear to be 
the most important variables in the first two functions, 
followed by slope position, tone, and slope gradient. A 
slope-aspect interaction term contributes quite highly in 
both functions. Based on the asymmetric lambda values, one 
would also expect texture and drainage order to be useful 
discriminating variables, but this was not found to be the 
case. In fact, drainage order did not even meet the minimum 
significance level for entry into the analysis. It is quite 
possible, though, that the somewhat arbitrary orderings 
assigned to these variables (i.e., drainage order was simply 
ordered 1,2,3,..., etc.) did not suitably represent the true 
relationships of their categories. Thus, one is cautioned 
against making interpretations about such variables based on 
their discriminant function coefficients. However, in the 
case of more continuous-scale variables, such as aspect, 
elevation, and canopy coverage, it is reasonable to believe 
that these coefficients provide a more valid confirmation of 
their relative importance. 
An examination of the classification table shows that 
most of the observed habitat types were correctly classified 
better than 60% of the time by discriminant analysis. Most 
of the misclassifications fell into the three largest 
groups, Psme/Vaca, Psme/Libo-Vagl, and Psme/Syal-Caru. Of 
these three, Psme/Syal-Caru was the least distinct (34.6% 
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correctly classified), being misclassified equally as 
Psme/Vaca and Psme/Libo-Vagl (15.4%). Psme/Vaca was 
correctly classified 62.5% and Psme/Libo-Vagl was correctly 
classified 78.6% of the time. 
Since it is of interest to be able to classify areas by 
habitat type which have been disturbed or deforested, a 
separate analysis was conducted using only topographic 
independent variables. A correct classification of 41.7% 
was obtained. Using only overstory-type independent 
variables, a correct classification of 44.0% was obtained. 
Hence, the topographic and vegetation P.I. variables were 
not completely additive in their ability to discriminate 
habitat types, but better results could be obtained using 
elements of both, rather than either factor alone. It is 
interesting that a certain amount of statistical 
discrimination between habitat types can be achieved based 
on the photointerpreted appearance of the overstory 
vegetation. 
Discriminant analysis for habitat type classification 
was also tried in two other ways. First, habitat types 
which were observed less than five times (less than about 
2%) were excluded from the analysis, further reducing the 
number of groups to ten. It was thought that running an 
analysis on the more commonly occurring groups might provide 
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Actual group 
No. of 
cases 
Predicted 
1 
group Henbership 
2 3 4 5 6  7 8 9 
Group 1 
SCREE 
2 2 
100.ox 
0 
O.OZ 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
Group 2 
PSItE-VACA 
48 0 
o.oz 
30 
62.5Z 
0 
o.oz 
2 
4.2Z 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
Group 3 
PSI1E-PHMA-PHMA 
6 0 
o.oz 
0 
O.OZ 
6 
100.oz 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
Group 4 
FSNE-VAGL-VA6L 
3 0 
o.oz 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
2 
6 6 . 7 %  
Group 5 
PSHE-VAGL-ARUV 
4 0 
o.oz 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
0.07. 
0 
o.oz 
Group 6 
PSHE-VA8L-XETE 
2 0 
o.oz 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
2 
IOO.OZ 
0 
o.oz 
0 
o.ox 
0 
o.ox 
Group 7 
PS«E-LIBO-SYAL 
7 0 
o.oz 
2 
28.63: 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 28.62 
0 
o.oz 14.3% 
Group 8 
PSHE-LIBO-CARU 
4 0 
o.oz 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 25. OZ 
Group 9 
PSHE-LIBO-VAGL 
42 0 
o.oz 
3 
7.1Z 
2 
4.8Z 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
33 
78.67. 
Group 10 
PSME-SYAL-AGSP 
15 2 
13.3Z 
0 
o.oz 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.ox 
0 
o.ox 
0 
o.oz 
Group 11 
PSHE-SYAL-CARU 
52 0 
o.oz 
8 
15.4Z 
2 
3.8Z 
0 
o.oz 
4 
7 . 7 1  
0 
o.oz 
0 
o.oz 
0 
o.ox 
8 
15.4% 
Group 12 
PSNE-CAfcU-ARUV 
7 0 
o.oz 
0 
O.OZ 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
Group 13 
PSHE-CARU-CARU 
2 0 
o.oz 
0 
O.OZ 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.ox 
0 
o.oz 
Group 14 
P1CEA-GATR 
6 0 
o.oz 16.7Z 
1 
16.7Z 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
0.0% 
0 
o.oz 
Group 15 
ABLA-GATR 
5 0 
o.oz 
2 
40.OZ 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
Group 16 
ABLA-LIBO-LIBO 
3 0 
o.oz 
0 
O.OZ 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
Group 17 
ABLA-MEFE 
10 0 
o.oz 10.OZ 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
3 
30. OZ 
Ungrouped cases 44 0 
o.oz 
21 
47.7Z 
1 
2.3Z 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.ox 
4 
9.1Z 
Actual group 
No. of 
cases 
Predicted 
10 
group nenbership 
11 12 13 14 15 16 17 
Group 1 
SCREE 
2 0 
O.OZ 
0 
O.OZ 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.ox 
Group 2 
PSHE-VACA 
48 5 
10.42 
4 
8.3Z 
0 
O.OZ 
0 
o.oz 
3 
6.2Z 
4 
B.3Z 
0 
o.ox 
0 
o.ox 
Group 3 
PSHE-PHhA-PHttA 
6 0 
O.OZ 
0 
O.OZ 
0 
O.OZ 
0 
o.ox 
0 
o.oz 
0 
o.ox 
0 
o.oz 
0 
o.oz 
Group 4 
PSWE-VAGL-VA6L 
3 1 
33.3Z 
0 
o.oz 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
Group 5 
PSHE-VAGL-ARUV 
4 0 
O.OZ 
4 
100.OZ 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.ox 
Group 6 
PSHE-VAGL-XETE 
2 0 
O.OZ 
0 
O.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
Group 7 
PSHE-LIBO-SYAL 
7  0 
O.OZ 
2 
28.61 
0 
o.oz 
0 
o.ox 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.oz 
.Group 8 
PSHE-LIBO-CARU 
4 0 
O.OZ 25.OZ 
0 
o.oz 
0 
o.ox 
0 
o.oz 
0 
o.oz 
0 
o.ox 
2 
50.OZ 
Group 9 
PSHC-LIBO-VAGL 
42 0 
o.oz 
0 
O.OZ 
3 
7.1Z 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.ox 2.4X 
Group 10 
PSHE-SYAL-AGSP 
15 9 
60.OZ 
4 
26.7Z 
0 
o.ox 
0 
o.ox 
0 
o.oz 
0 
o.ox 
0 
o.oz 
0 
o.ox 
Group 11 
PSHE-SYAL-CARU 
52 4 
7.7Z 
16 
34.6Z 
6 
11.51 
0 
o.ox 
0 
o.oz 
0 
o.oz 
2 
3.8X 
0 
o.oz 
Group 12 
PSHE-CARU-ARUV 
7  0 
O.OZ 
0 
O.OZ 
7 
100.OZ 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.ox 
0 
o.oz 
Group 13 
PSHE-CARU-CARU 
2 0 
O.OZ 
0 
O.OZ 
0 
O.OZ 
2 
100.0Z 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
0.0% 
Group 14 
PICEA-GATR 
4 0 
o.oz 
0 
O.OZ 
0 
O.OZ 
0 
o.oz 
4 
66.7X 
0 
o.ox 
0 
o.oz 
0' 
o.ox 
Group tS 
AILA-GATR 
5 0 
o.oz 
0 
O.OZ 
0 
o.oz 
0 
o.ox 
0 
o.oz 
3 
60. OZ 
0 
o.ox 
0 
o.ox 
Group 16 
ABLA-LIBO-LIBO 
3 0 
o.oz 
0 
O.OZ 
0 
o.oz 
0 
o.ox 
0 
o.oz 
0 
o.oz 
2 
66.72 33.3X 
Group 17 
ABLA-HEFE 
10 0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.ox 
0 
o.oz 
0 
o.oz 
0 
o.ox 
6  
6 0 .  OX 
Ungrouped cases 44 5 
11.4Z 
13 
29.5Z 
0 
o.oz 
0 
o.ox 
0 
o.oz 
0 
o.oz 
0 
o.oz 
0 
o.ox 
Percent of "grouped" casts correctly classified! 57.80Z 
Table 8. Discriminant Analysis Classifications: Forest Types 
Classification results -
No. of Predicted group «e«bership 
Actual group cases 1 2 3 4 5 6 7 8 
Group 1 96 65 4 1 5 10 11 0 0 
D.FIR 6 7 . 7 1  4.2X 1.0X 5. 2X 10.4% 11.5% 0.0% 0-0% 
Group 2 13 \ 11 0 0 0 0 1 0 
P.PINE 7.7% 84.6X o.ox  o .ox  o .ox  0.0% 7.72 0.0% 
Group 3 3 0 0 3 0 0 0 0 0 
E.SPRUCE O . O X  O.OX 100.ox  o .ox  o .ox  0.0% 0.0% 0 . 0 %  
tiroup 4 8 2  0 0 4 1 0 0 1 
SPRUCE-FIR 25.OX O.OX o.ox  50.OX 12.5X 0.0% 0.0% 12.5% 
Group 5 62 13 0 0 0 48 1 0 0 
LARCH-B.FIR 21.OX O.OX o.ox  O.OX 7 7  A X  1 .6% 0.0% 0.0% 
Group 6 31 5 3 0 0 7  16 0 0 
P.P.-D.F.-M .L. 16.IX 9.7% o.ox  o .ox  22-6% 51.6% 0.0% 0.0 % 
Group 7 12 8 0 0 0 3 1 0 0 
LQDGEPGLE 66.7X O.OX o.ox  o .ox  25.0% r
o
 C
O
 
0 . 0 %  0.0% 
Group 8 2 0 0 0 0 0 0 0 9  
HARDUOODS O.OX o.ox  o .ox  o .ox  0 . 0 %  0.0% 0.0% 100.0% 
Ungrouped cases 35 3 0  0  0  11 21  0  0  
8.6X o.ox  o .ox  o .ox  31.4% 60.0% 0.0% 0.0% 
Percent of "grouped" cases correctly classified: 65.64% 
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a better indication of the discriminating power of the 
independent variables. Optimum discrimination was achieved 
with only six functions (out of a total possible of nine), 
but a correct classification of 60.0% was obtained, only 
2.2% better than the analysis using 17 groups. This 
suggests a cleaner analysis, but apparently not a 
substantial gain in discrimination between groups. 
In the second type of analysis, habitat types were 
aggregated according to the habitat group classification 
adopted for planning purposes by the Lolo National Forest 
(USFS 1980). By using this classification, five different 
groups were recognized: non-commercial, warm and dry, 
moderately warm and dry, moderately cool and dry, and moist. 
A correct classification of 69.1% was obtained. Considering 
the fact that using fewer groups tends to result in better 
classifications, this improvement was viewed as only modest. 
For discriminant analysis of forest types, five 
significant discriminant functions, out of a total possible 
of seven, were derived using ten independent variables. 
Texture, crown diameter, elevation, slope gradient, and 
aspect were the most important variables of the first three 
functions. However, there was a notable amount of confusion 
between the relative importance indicated by the lambda 
measures of association and the discriminant function 
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coefficients. Surprisingly, average stand height appeared 
to be a less important variable and canopy coverage did not 
even meet the minimum significance specification for 
variable entry in discriminant analysis. However, when only 
overstory-type independent variables were used in a separate 
analysis, canopy coverage did appear to be an important 
variable. The relative showings of average stand height and 
crown diameter were contrary to the asymmetric lambda values 
obtained, but seemed more logical based on field 
observation. For instance, one would expect average crown 
diameter to be a better variable for discriminating 
typically dense stands of lodgepole pine from other forest 
types. 
Unfortunately, this was not borne out in the 
classification table. The lodgepole pine forest type was 
surprisingly poorly discriminated - none of the observed 
cases were correctly classified. In general, there appears 
to be a lack of discrimination between the Douglas-fir, 
Douglas-fir/western larch, and Douglas-fir/western 
larch/ponderosa pine forest types, and most misclassifica-
tions were into these three groups. Separate analyses using 
only overstory or topographic independent variables showed a 
similar trend, with a higher proportion of 
misclassifications into the Douglas-fir type. This may be 
due in part to the very uneven sample sizes and the prior 
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probabilities specification. Using only overstory-type 
independent variables, a correct classification of 55.5% was 
obtained, and a correct classification of 57.3% was obtained 
using only topographic variables. Because of the smaller 
number of groups and the lopsided sample sizes, though, 
these results (including the overall classification) may be 
somewhat misleading and really represent primarily the 
classification accuracy for the larger groups, especially 
the Douglas-fir forest type. 
As a comparison of statistical prediction and 
traditional visual techniques, the forest types estimated 
directly during photointerpretation were crosstabulated 
against actual forest types. By this technique, 45.3% of 
the plots were correctly classified. The Douglas-fir and 
Douglas-fir/western larch/ponderosa pine forest types were 
rather poorly differentiated, but the distinctive lodgepole 
pine forest type was correctly identified 75% of the time. 
As mentioned earlier, the design of the 
photointerpretation system occasionally caused different 
nominal attributes (occurring within a single stand) to be 
matched with the same set of P.I. variables. In many 
instances, two similar habitat or forest types would occur 
closely intermixed within a stand, but in discriminant 
analysis, only one could be considered in calculating the 
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classification accuracy. For many operational purposes, 
knowing the presence of two similar types in a stand may be 
adequate for planning purposes. The discriminant analysis 
program used provided the first and second most probable 
group membership for each case. If both first and second 
most probable groups have similar interpretations and can be 
reasonably grouped into a broader category, the 
classification of stands with unknown group membership can 
be facilitated. In the analyses done here, considering both 
first and second most probable groups provided a 
classification accuracy (against cases of known group 
membership) of 82.6% for habitat types and 87.2% for forest 
types. These figures would probably drop slightly if the 
first and second most probable groups were required to be 
similar, but would likely still be much higher than the 
figures based on only the the most probable category. This 
type of classification might also be useful for identifying 
all stands where a certain condition is likely to exist, or, 
conversely, eliminating stands from consideration where a 
condition is not likely to be found. 
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FIELD VERIFICATION 
Results of the field verification tests are presented 
in Tables 9 and 10. 
Observed and predicted values of the interval-level 
stand attributes are presented in Table 9. The predicted 
values are broken into two types: those from the original 
regression equations (n=77)f and those obtained after the 
data from these stands were included in the analyses (n=86). 
Observed and predicted habitat and forest types for these 
stands are presented similarly in Table 10. These predicted 
types are further broken into first and second most probable 
groups. 
The general statistical results obtained after 
inclusion of the extra data (i.e., R-squared values, 
classification accuracies, etc.) were not appreciably 
different from the original models. However, at least for 
the nine stands used in this cursory test, most of the 
predictions were closer to the true values when the larger 
data set was used. 
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Table 9. Field tests: Predicted and Observed 
Interval-level Attributes. 
Cubic foot Board foot 
volume/acre volume/acre 
Stand obs. pred. obs. pred. 
# (n=77) (n=86) (n=77) (n=86) 
1 2746 .5 1898.2 2152 .9 3522.5 -121.3 3212 .0 
2 1205 .5 1025.2 1399 .7 3541.5 4343.0 1870 .3 
3 1181 .7 2693.1 2046 .7 3522.7 4913.6 6863 .7 
4 2664 .3 1360.1 1639 .7 1167.5 -1331.6 1377 .7 
5 2690 .3 2777.0 2461 .0 2791.3 2842.5 3930 .3 
6 620 .5 1425.2 1053 .1 864.5 5534.0 3190 .6 
7 4209 .5 1479.2 2189 .4 16792.5 -2023.5 6701 .6 
8 2477 .3 2032.0 2167 .3 7122.3 3980.4 5800 .1 
9 869 .5 1822.5 1533 .4 2762.8 3423.9 4566 .3 
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Table 9. Field tests: Predicted and Observed 
Interval-level Attributes (cont.). 
Cubic foot Board foot 
growth/acre growth/acre 
Stand obs. pred. obs. pred. 
# (n=77) (n=86) (n=77) (n=86) 
1 60.0 60.1 49.9 137.5 157.6 156.7 
2 50.0 30.0 49.5 221.5 143.1 208.2 
3 30.3 54.6 46.7 164.3 170.1 170.1 
4 41.7 32.8 35.1 74.0 68.6 36.7 
5 50.5 63.8 57.1 137.0 119.6 173.6 
6 41.0 11.3 26.6 76.5 33.8 76.4 
7 50.8 42.9 55.0 360.8 212.3 319.0 
8 43.3 31.7 38.7 236.3 90.8 186.7 
9 22.8 7.5 24.1 124.0 79.3 126.8 
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Table 9. Field tests: Predicted and Observed 
Interval-level Attributes (cont.). 
site index yield capability 
Stand obs. pred. obs. pred. 
# (n=77) (n=86) (n=77) (n=86) 
1 55.0 66.4 64.2 69.5 105.8 85.7 
2 66.3 46.5 60.8 92.0 70.0 79.6 
3 66.7 69.3 63.6 93.3 95.4 84.0 
4 60.0 71.2 60.5 77.0 106.1 83.6 
5 59.3 76.2 65.1 77.0 108.1 94.0 
6 85.5 56.3 77.5 174.5 65.9 131.3 
7 61.0 56.3 61.1 80.3 72.5 95.9 
8 56.3 55.1 59.2 68.8 67.6 72.2 
9 51.8 38.6 48.9 66.0 43.1 50.4 
Table 10. Predicted and Observed Habitat Types. 
observed predicted 
Stand (n=218) (n=253) 
# 1st prob. 2nd prob. 1st prob. 2nd prob. 
1 Psme/Libo-Vagl 
Abla/Mefe 
Psme/Vaca Psme/Libo-Vagl Psme/Vaca Psme/Libo-Vagl 
2 Psme/Syal-Car u Psme/Syal-Caru Psme/Vaca Psme/Syal-Caru Psme/Vaca 
3 Psme/Libo-Vagl 
Abla/Gatr 
Psme/Vaca Psme/Syal-Caru Psme/Vaca Abla/Gatr 
4 Psme/Libo-Vagl Psme/Libo-Vagl Psme/Syal-Caru Psme/Libo-Vagl Abla/Libo-Libo 
5 Psme/Vaca Psma/Vaca Psme/Libo-Vagl Psme/Vaca Psme/Libo-Vagl 
6 Psme/Syal-Caru Psme/Syal-Caru Psme/Syal-Agsp Psme/Syal-Caru Psme/Vaca 
7 Psme/Vaca Psme/Vaca Abla/Gatr Psme/Vaca Abla/Gatr 
8 Psme/Vaca Psme/Vaca Psme/Syal-Caru Psme/Vaca Abla/Gatr 
9 Psme/Syal-Caru Psme/Syal-Caru Psme/Syal-Agsp Psme/Syal-Caru Psme/Vaca 
Table 10 (cont.). Predicted and Observed Forest Types. 
observed predicted 
Stand (n=218) (n=253) 
# 1st prob. 2nd prob. 1st prob. 2nd prob. 
1 DF/WL DF/WI/PP DF DF DF/WI/PP 
2 LPP DF/WL DF DF/WL DF 
3 LPP DF/WI/PP DF/WL DF/WI/PP DF/WL 
4 LPP DF/WL DF DF/WL LPP 
5 LPP DF/WI/PP LPP DF/WI/PP LPP 
6 PP 
DF/WL/PP 
DF/WI/PP DF/WL DF/WI/PP LPP 
7 DF/WI/PP DF/WI/PP DF/WL DF/WI/PP LPP 
8 DF/WI/PP DF/WL/PP DF/WL DF/WL/PP LPP 
9 DF DF/WL DF DF/WL LPP 
CHAPTER VI 
DISCUSSION 
The results obtained indicate that specific land units, 
suitable for local forest management operations and 
representing real differences in stand conditions, can be 
reliably delineated, mapped, and evaluated by the described 
photointerpretation system. It should be emphasized that 
the mapped units are not volume, growth, or site quality 
classes, or habitat or forest types, but entities (stands) 
which can be characterized, in varying degrees, by each of 
these resource attributes. 
During the course of the project, several shortcomings, 
assets, and means of improvement were noted. Comments will 
be presented here regarding the stand attributes themselves, 
the photointerpretation and mapping system, statistical 
analysis and results, and future applications and research. 
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BASIC STAND ATTRIBUTE CONSIDERATIONS 
Measurement. Classification, and Estimation 
Since the success of the stand attribute predictions 
depended on the strength of the correlations between the 
attribute values themselves and the P.I. variables, it was 
essential that this data be as accurate and consistent as 
possible. While every effort was made to keep errors of 
measurement and classification to a minimum in collecting 
the raw data, it is important to remember that the actual 
values of volume, growth, site index, and yield capability 
used as dependent variables in the regression analyses were 
estimates themselves from equations which in turn were 
subject to a certain inherent amount of error. Thus, error 
may be compounded when trying to correlate P.I. variables 
to dependent ground attributes which may be slightly 
inaccurate to begin with. The volume equations used in the 
original field data reduction (Champion Timberlands 1980) 
are commonly used operationally in the local area and are 
probably quite reliable, as is the ponderosa pine site index 
equation, which was developed specifically for the Blackfoot 
River drainage (Tesch, et.al. 1980). The remaining site 
index, yield capability, and growth equations, however, may 
be somewhat suspect. The growth calculations involved the 
use of a "shrink-back" algorithm, based on local 
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height/diameter relationships which were known to be rather 
variable for some species. The site index equations were 
mathematically fitted to previously constructed site index 
curves, and the yield capability equations were linear 
functions of the site index equations (Brickell 1970)./6 
Also, the yield capability equations assume full 
(unimpeded) stocking, not always a reasonable assumption at 
Lubrecht Forest. 
The fact that the calculated value of (current) annual 
cubic foot growth per acre exceeded the potential yield 
capability estimate for a few stands suggested that at least 
one of the estimates was inaccurate. However, this may be 
due to a sampling problem quite common at Lubrecht Forest. 
As a result of past disturbances, particularly logging and 
fire, many stands have a sparse or erratic overstory of 
overmature trees and a lower canopy level of second- or 
third-growth younger trees. Finding suitable site trees in 
these stands can be difficult. Most of the older trees were 
once understory trees and have not had a steady, even rate 
/6 Brickell (1970) states: "However, all variation in yield 
capability from one site to another cannot be explained by 
conventional "site index". Short of direct measurement of 
stand growth itself, it is not generally known what stand 
parameter(s) could be used to account for variation not 
explainable by site index". 
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of growth throughout their lives. These trees would tend to 
underestimate site index. On the other hand, the younger 
trees are often still in a stage of juvenile growth and, 
because site index curves converge toward the origin, site 
index indicated by from these trees could be overestimated. 
In fact, substantial differences were noted in a few stands 
between young and old trees of the same species. 
Similar problems exist in measuring actual stand 
growth. If a tree's growth rate changed greatly within the 
last ten years (the growth estimates were based on ten-year 
radial increments), it could provide an erroneous estimate. 
Data from permanent growth plots, if available, would be 
more reliable and desirable, and this should be a 
consideration in the design of a study such as this. A few 
permanent plots are located within the study area, but data 
from these plots were not used due to time limitations. It 
might be worthwhile in the future, however, if permanent 
plots were targeted prior to aerial photographic overflights 
and/or surveyed to from local control points. Knowing the 
locations of these points on aerial photography or X,Y, and 
Z spatial coordinates could allow for some interesting types 
of analyses. For instance, plots located on successive sets 
of photography, several years apart, may allow for a 
controlled multi-date type of growth analysis. Aerial 
photographic coverage of the study area in 1:12000 scale 
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color and 1:24000 scale panchromatic photography has been 
obtained twice (for each type) within the past ten years, 
and it is almost certain that this type of coverage will be 
repeated in the future. 
Another source of error involved the averaging of 
growth, site index, and yield capability by plot and by 
stand. Tree species respond differently to site conditions, 
and the current and potential growth indicated for one 
species may not apply to another on a given site. In field 
sampling, the selected site trees were dominant or 
codominant, healthy, and ecologically suited to the given 
site, but there were often two or more species of suitable 
site trees on a plot, such as Douglas^fir, western larch, 
and ponderosa pine. Clearer correlations and more reliable 
prediction equations (with the P.I. variables) might be 
obtained by conducting separate analyses for each species. 
This could, however, become a massive data processing job. 
Simpler measures or indices are certainly easier to work 
with. 
This is one of the assets of the habitat type 
classification system - each habitat type represents a 
specific type of environment with a number of ecological and 
management implications. The problem here is one of 
misclassification. Although most of the time the correct 
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habitat type could be keyed out with confidence, there were 
notable cases where it was not so straightforward. Recently 
disturbed areas often presented problems, as did broad 
ecotones and mosaics of two or more habitat types, which 
often occurs in undulating terrain. Considering the fact 
that a number of plots could not be classified with absolute 
certainty, the discriminant analysis results are not 
surprising and, in fact, rather encouraging. It is 
questionable whether one could (without extreme familiarity 
of the landscape) accurately distinguish between 17 
different habitat types better than 60% of the time by 
direct interpretation of stereoscopic aerial imagery. 
Forest type was definitely the most subjective stand 
attribute studied. The general guideline is to classify a 
stand after the overstory species with a plurality of the 
stocking on that site. Like habitat types, typical examples 
of each recognized forest type could be found, but in the 
sometimes broad transitional areas between types, many plots 
could not be clearly classified into one forest type or 
another. The distinction between the Douglas-fir forest 
types was particularly obscure at times. Since, by 
definition, forest types may be in various stages of 
succession and tend to have broad ecological ranges, a 
number of cases were found which appeared to be in the 
process of changing from one forest type to another, such as 
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from lodgepole pine to Douglas-fir/western larch or 
Engelmann spruce/alpine fir forest types. 
Although the discriminant analysis results for forest 
type classification were encouraging, certain types 
apparently could still be better identified by direct image 
interpretation, especially the lodgepole pine type. 
Experience gained through this study suggested that the 
lodgepole pine, Douglas-fir/western larch, and ponderosa 
pine forest types were fairly distinctive, but that the 
Douglas-fir and Douglas-fir/western larch/ponderosa pine 
forest types were difficult to separate, both on the aerial 
photography and on the ground. 
Sampling 
In most of the previous studies concerned with 
statistical estimation of stand attributes by aerial 
photointerpretation, ground data was collected on fixed-area 
plots. If fixed plots can be reliably located and 
superimposed on the aerial photos, a one-to-one 
correspondence between ground data and photointerpretation 
data is established./? In this study, tree and stand data 
was collected by point-sampling (variable-radius plot), 
using a relaskop. While this type of sampling may be 
efficient for obtaining general stand inventory data and 
statistics, fixed-plot sampling is probably better suited to 
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this type of photointerpretation study. Although the 
sampled plots were pinpointed in the field and could usually 
be placed within a delineated stand, it became evident 
during photointerpretation that the matching of ground and 
photointerpretation data could be improved if attention 
could be focused on a particular, standardized photo-plot 
area. This might also allow the use of a tree-count 
variable in the photointerpretation criteria. Determination 
of average stand height and crown diameter would definitely 
be easier. An important consideration in such a design, 
though, is that the criteria describing the plot might not 
apply to the entire stand. Certain variables are apt to 
change depending on the part of the stand being considered. 
An improved method of plot distribution is recommended 
in future similar studies. The basic method used in this 
study - locating plots along randomly selected transect 
lines - resulted in a substantial number of plots occurring 
along stand boundaries and ecotones, and data from several 
plots could not be used in further analyses. Advantages to 
/7 Sometimes, the actual plot (usually fifth-acre) may be 
drawn on the photos using a drafting compass or template, 
adjusted for scale. On medium-scale photography, though, 
this image area may be too small to work with, and more 
commonly, one-acre circles are drawn, providing the acre 
represents a homogeneous condition. 
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this system were that a wide range of stand conditions was 
randomly sampled, and coordinates for these plots could be 
readily calculated. The field verification tests in 1982 
appeared to better sample the stands which were selected and 
was a more appropriate technique for establishing 
correlations between ground and photointerpretation data. 
An improved technique might involve intensively sampling all 
of the stands within small areas (blocks) located throughout 
the study area. These sampling blocks could be selected 
such that the range of variation in the study area is 
represented, and might include permanent plots, and be 
encompassed by ground control points. Concentrating 
sampling on a few stands in a limited area would also be a 
more efficient allocation of field work. 
The salient point, though, is that for this type of 
study, where a clear correspondence between ground and image 
characteristics is essential, plots should be distributed 
such that the most representative part of a stand (with it's 
inherent variability) is adequately sampled, away from edge 
effects which confound the relationships being sought. 
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PHOTOINTERPRETATION 
Experience in the use of the photointerpretation scheme 
showed that rather fine distinctions between stands could be 
made in terms of the formulated criteria. The detail of the 
finished stand map attests to this fact. Based on the 
statistical results obtained, it appears that a versatile 
prediction capability is provided by criteria describing 
both overstory vegetation and topographic parameters. 
Almost all of the P.I. variables were shown to be 
significantly related to at least one stand attribute 
(Tables 5 and 7), and most of the relationships conform to 
basic theoretical premises. However, several variables 
presented difficulties in practical application. While the 
intention was to use P.I. variables which could be 
consistently observed and measured, several important 
exceptions were noted. 
Overstory pattern and texture were important P.I. 
variables used extensively in stand delineation, but 
recording them was hindered by a lack of quantification and 
ambiguous class boundaries. Formulation of the categories 
was based on recognizable image characteristics known to 
occur repeatedly on the aerial photos. Most of the stands 
could be classified without much difficulty but a 
substantial number did not fit neatly into the specified 
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categories. Perhaps because of past history, many stands 
contained elements of several different pattern and texture 
categories, none very well expressed. In stands with an 
upper story of older relicts and various lower stories of 
poles, saplings, and seedlings, the pattern may have been 
classified as uniform if the total coverage was considered, 
or mottled or broken if considering primarily the main 
overstory; the texture of the lower stories may have been 
fine, while the larger trees lent a coarse appearance. 
Extreme cases, such as definitely two-storied stands, were 
classified as complex. 
Because of these difficulties, and the fact that these 
variables appear to be related to certain stand attributes, 
quantification of pattern, texture, and tone by automated 
image analysis would seem to be a worthwhile pursuit. 
Sayn-Wittgenstein (1970) suggests that characteristic 
patterns of vegetation could be identified by analyzing 
measurements, such as microdensitometer traces of image 
density, or stand profiles, for various statistical or 
mathematical parameters, such as central tendency and 
dispersion, or periodicity. "The influences that govern 
plant growth are admittedly many and complex, but the 
resulting patterns of plant distribution are neither chaotic 
nor beyond mathematical description. Furthermore, they can 
include distinctive, identifying features" (SayHWittgenstein 
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1970). 
A few of the topographic P.I. variables were also more 
difficult to use than previously thought. Plan and profile 
form were originally meant to define stand boundaries, but 
were actually used more often to describe stands already 
delineated. Some concavities and convexities made obvious 
breaks with the general land surface, but usually changes in 
topographic form were more subtle and did not provide the 
contrast needed to identify distinct land units. This was 
somewhat of a paradox: topographic shape is one of the most 
obvious landscape characteristics visible on stereoscopic 
aerial photography (is even accentuated), and within a 
specific area can usually be measured and described quite 
thoroughly. However, when imposing topographic form 
categories onto a complex, undifferentiated landscape as a 
means of delineating individual land units, confusion arises 
concerning the spatial extent and amount of acceptable 
variation within each category. Strict adherence to 
delineating along points of inflection between concave, 
straight, and convex surfaces does not necessarily produce 
meaningful land units, besides being a difficult 
photogrammetry problem. In the end, it was decided that 
consideration of plan and profile form tends to complicate 
the stand delineation process, and these variables were more 
easily evaluated after delineation. However, problems in 
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the evaluation of these variables could not be totally 
resolved in this study. 
Slope position was another topographic variable which 
could be simple in concept but deceptively difficult to 
evaluate. Originally, a measure of distance upslope as a 
percentage of total slope length (after Myers and Van Deusen 
1960) was tried. On long, rectilinear slopes, with 
well-defined ridgelines and stream channels, this variable 
seemed workable. However, this ideal situation was found 
only occasionally, and many slopes contained various 
benches, knolls, and depressions throughout their length, 
and lacked definite end points for measuring slope length. 
Aandahl (1948) noted this problem in a study on the effects 
of slope on soil properties: "One's first reaction is to 
measure from the crest of the ridge or top of the knoll. 
However, the nature of the gradients between the slope 
position and the top of the ridge has a very definite effect 
on the influence of (slope) length on soil properties". 
A more subjective classification was then tried, using 
relative main slope position and relative local slope 
position. Main slope position referred to location relative 
to the major interfluve or drainage divide above a point, 
while local slope position referred to location on secondary 
slopes occurring on the main slope. Eventually it became 
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obvious that identification of the main slope lacked 
consistency - secondary ridges and broken topography 
confused the definition and made it's relevance 
questionable. But local slope position could be identified 
reasonably consistently, and was thus retained. A problem 
encountered with local slope position, though, was that on 
smaller, tributary slopes, a delineated stand would 
sometimes cover the entire slope, from bottom to top. Also, 
the location of a stand on a secondary slope should be 
qualified somehow by the position of the secondary (local) 
slope on the primary slope. This problem may have been 
mitigated somewhat by the combination of local slope 
position and physiographic class. Once again, though, the 
classification problem could not be clearly resolved in this 
study. 
Two fundamental problems in the use of variables such 
as slope curvature and position are that detailed 
topographic measurements are difficult and tedious by manual 
photogrammetric methods, and uncertainty exists about the 
particular measurements which should be used for correlating 
with stand attributes. A more convenient and objective 
means of evaluating topographic parameters might be possible 
through the use of digital terrain models (DTM's) - dense 
arrays of points which describe the land surface in 
horizontal and vertical coordinates. Using numerical 
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coordinate data, computer routines can be used to rapidly 
identify and evaluate particular topographic parameters 
quantitatively. Digital terrain data has found application 
in calculation of earthworks (Young 1972), soil moisture 
(Troeh 1964), and plan and profile forms (Troeh 1965), and 
is becoming increasingly common now in automated mapping 
systems in forestry (Gossard 1978, USFS 1981, USFS 1982). 
If stand boundaries can be digitized and registered with 
control to the terrain model, algorithms could be developed 
for calculating quantitative measures of slope curvature, 
position, length, etc., which would be difficult to obtain 
by manual photogrammetric methods. 
Although several of the P.I. variables could be 
restructured and/or improved through the use of automated 
techniques, the study results do show that visually 
estimated, subjective photointerpretation variables can be 
useful for discerning statistically significant differences 
among certain stand attributes. The problems encountered 
indicate areas in need of further research. 
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STATISTICAL CONSIDERATIONS 
The significance of the individual P.I. variables, and 
the linear combinations thereof, has already been well 
covered. A few observations on the statistical use of these 
variables, and the general techniques employed warrant 
further comment. 
The strong correlations of average height and canopy 
coverage with volume per acre provided perhaps the clearest 
and most successful example of relating measured 
photointerpretation variables to ground conditions. Crown 
diameter was found to be significantly correlated with board 
foot, but not cubic foot, volume per acre. This makes 
sense, as board foot volume is much more dependent on 
average dbh, which is in turn reflected by average crown 
diameter. Canopy coverage was also found to be 
significantly related to site index, yield capability, and 
habitat type. 
Aspect was significantly related to most of the 
attributes, either as dummy variables or as various 
trigonometric transformations (i.e., taking the cosine of 
aspect azimuth, a continuous variable is created ranging 
from 1 for north, 0 for east or west, and -1 for south). 
Slope gradient was not highly significant by itself, but 
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interaction terms of slope and transformed aspect (after 
Stage 1976) were found significant, and are recommended as a 
way of expressing the combined effects of slope and aspect. 
Plan and profile form were found significant in 
explaining variation in site index and yield capability and, 
to a lesser extent, cubic foot growth per acre. Local slope 
position was found significantly related to cubic foot 
growth. It is likely that improved relationships would be 
obtained with more quantified measures of these variables. 
Interestingly, physiographic class explained a 
significant amount of variation in cubic and board foot 
volume and site index. The relatively good showing of this 
more subjective P.I. variable suggested that it accounted 
for variability in the landscape that was missed by the more 
objective P.I. variables. This variable was probably the 
least quantifiable of the P.I. variables. 
Pattern, texture, and tone have been used extensively 
in the past to describe vegetation in photointerpretation 
schemes (Spurr 1960, Kuchler 1967, ASP 1960, 1975, Stage and 
Alley 1972, Paine 1981) but have only recently been applied 
as independent variables for predicting stand attributes 
(Martin 1979, Martin and Gerlach 1981, USFS 1982). In this 
study, pattern and tone were found significantly related to 
volume per acre, but only tone was a useful regression 
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variable. Pattern was excluded perhaps because of likely 
collinearity with canopy coverage. Texture appeared to be 
especially related to site index and yield capability. 
A possible alternative approach to site index 
assessment with P.I. variables could involve estimating the 
average age of dominant and codominant trees in a stand by 
regression and relating this predicted value to the average 
stand height, which can be measured directly. The average 
age of a stand could well be highly correlated with certain 
overstory P.I. variables, but is theoretically independent 
of topography. This fact could simplify analysis by 
limiting the number of independent variables considered. On 
the other hand, site index (the height attainable at a given 
base age) is a measure of productivity, and presumably would 
be influenced by topographic factors, and manifested in the 
vegetative appearance of a stand. Consequently, estimating 
site index from P.I. variables is likely to be a more 
complex operation than merely estimating stand age. 
Considering the narrow range of variability in site 
index in the study area, independent variables more refined 
and sophisticated than those used in this study would 
probably be needed to produce highly accurate prediction 
results. However, factorial approaches to site quality 
assessment using photointerpreted data are not likely to be 
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any more successful than more comprehensive ground-based 
designs, which are not always particularly successful. 
Complex and subtle interactions may exist among site-forming 
factors which are either difficult to quantify or little 
understood. "Because of these interactions, the simple 
regression technique of estimating site quality from an 
evaluation of a few important site factors, important as it 
is in practical forest ecology, can only be approximate" 
(Spurr and Barnes 1980) . 
Statistical analysis and prediction with the 
nominal-level attributes was hindered by a lack of numerical 
values for both dependent and independent variables. 
Automated image and terrain analysis may be especially 
useful in this case. Independent dummy variables cannot be 
used in discriminant analysis; independent variables must 
be at least ordinal-level. The approximate orderings 
applied to the less objective P.I. variables used in the 
analyses here may not have been numerically accurate. Also, 
plan and profile form could not be adapted for use in 
discriminant analysis, but definite associations were noted 
in the field, especially between these variables and habitat 
type distribution. Quantified indices of these topographic 
forms would probably be useful in habitat type 
discrimination. 
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Regression analyses of stand attributes would also 
benefit from more quantified independent variables for 
several reasons. The use of dummy variables may be 
conceptually valid, but equations may quickly become very 
complicated when several different types of dummy variables 
are entered. Simpler interval-level variables are more 
easily interpreted, and may provide satisfactory results 
with fewer terms. A danger in multiple regression, realized 
in this study, is that although better statistics may be 
obtained with more complex equations, estimates may be 
derived which have no basis in reality (i.e., the negative 
values of board foot volume in Table 9). It was concluded 
that simplicity in regression equations is something to 
strive for, and one should focus attention on the use of a 
few highly significant interval-level variables and 
combinations thereof. Dummy variables may help explain 
significant amounts of variation, but their use should be 
avoided or limited to a few important independent variables. 
Results of a recent similar study in western Montana (USFS 
1982) showed that a very reliable prediction equation for 
board foot volume (adjusted R-squared = .94) could be 
derived using various forms of canopy coverage, stand 
height, crown size, and a ranked index of texture. 
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Even though the individual predicted values generated 
in this study may often appear erroneous (as in Tables 9 and 
10), the prediction equations are only meant to give the 
best approximation of expected average stand attribute 
values, given a specified set of independent factors. For 
planning purposes, stands are usually grouped into one of 
several classes with specified value ranges. For instance, 
non-productive stands are generally regarded as those 
producing less than 20 cubic feet per acre annually, while a 
stand producing over 80 cubic feet per acre per year would 
be considered rather productive in western Montana. Thus, 
increments of 20 cubic feet would be a logical breakdown of 
cubic foot growth classes. By assigning to stands the 
classes indicated by the predicted attribute values, an 
overall classification sufficiently accurate for area 
planning would likely be provided. 
FURTHER COMMENTS AND RECOMMENDATIONS 
An examination of the stand map (Plate 1) reveals a 
very dense amount of information per map area. During the 
mapping phase of the study it became evident that, given the 
specifications of the aerial photography and the equipment, 
and time limitations, a smaller study area might have 
sufficed for meeting the study objectives and demonstrating 
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the mapping technique. As a research study, perhaps 
relatively more emphasis should have been placed on 
developing and validating a workable 
photointerpretation/prediction system, and proportionately 
less emphasis on the operational mapping technique. The 
planning of a mapping project must take into account many 
specifications and constraints, but no matter how well 
planned, unforseen factors inevitably arise. It is 
recommended that when considering the operational 
implementation of a technique such as that presented here, a 
pilot study should first be conducted on a limited area to 
firmly establish the viability and limitations of the 
proposed system. Experience gained from this study 
suggested that, given the specified design, the scale of the 
photography was best suited to mapping areas in the range of 
1,000 to 10,000 acres. Smaller scale photography has 
recently been shown to provide comparable results on larger 
areas, but in less detail (Martin and Gerlach 1981, USFS 
1982) On the other hand, using the 1:12000 scale photography 
of the study area, highly precise tree and stand 
measurements are possible and species can usually be 
observed directly under magnification. However, many more 
exposures would have been required to cover the study area 
with this type of photography. Deciding on the imagery and 
mapping system appropriate for a given purpose depends on 
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the level of detail required, image resolution, size of 
area, availability of mapping control, and other details 
which should be worked out well in advance of the 
operational application. 
Despite the ambiguities in the photointerpretation 
scheme, it is believed that most of the mapped delineations 
do indeed reflect real lines on the ground. That these 
lines represent meaningful differences in stand conditions 
is supported by the statistical results, but further 
substantiation of boundary integrity could be the subject of 
another study in itself. Draeger and Jaakkola (1971) 
describe a method of detecting differences in stand 
conditions along a transect using principal components 
analysis. Numerous analyses are possible in a comparative 
study between the mapped output of the recent Forest Service 
stand mapping study (USFS 1982) and that provided by this 
study. Future forest inventory studies could benefit from 
the various stratifications possible using the mapped output 
and data set provided by this study. 
Above all, this type of mapped information should be 
used in the context of a flexible, dynamic information 
system. Because of changing stand conditions, operational 
systems should allow for a program of continuously updating 
stand boundaries and attributes (both predicted and actual) 
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as more ground data becomes available. Further refinement 
of site quality prediction is of particular merit, being a 
relatively permanent aspect of the landscape. Volume and 
growth, however, can only be related to aerial imagery for 
the time that it was taken - predictions at one time will 
eventually become obsolete. Depta (1974) describes an 
information system devised by the Weyerhaeuser Company 
wherein in-place stand data is periodically updated through 
the use of a "stand-table generator". The use of a stand 
prognosis model to simulate the growth of mapped stands 
(which have been adequately ground-sampled) may be a viable 
means of keeping in-place stand inventories current. 
The ability to spatially overlay various other types of 
data to the delineated stands should also be encouraged in a 
comprehensive inventory system. Information on soils, 
geology, ownership, and other factors not readily visible on 
aerial photography is often critically important from a 
management standpoint. 
A drawback to the map produced in this study is that 
consideration of data from other sources cannot be easily 
accomodated. Information from field sampling, other maps, 
and other types of imagery can only be suitably overlaid 
manually when plotted or mapped at a common scale and level 
of precision. Compiling such information stand by stand 
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into an existing data base can be a tedious and cumbersome 
process. 
Increasingly, systems for storing and handling in-place 
resource information with mappable ground coordinates is 
becoming commonplace in forestry (USFS 1981, 1982). When a 
data base of landscape information is referenced to a common 
positional coordinate system (such as the State Plane 
Coordinate system), various features may be mapped and 
overlaid, at specified scales, relatively easily by computer 
plotting routines. Also, the registration of digital 
terrain models to the coordinate system can allow for a 
quantitative analysis of the landscape surface (Tom and 
Miller 1980), and the analytical photogrammetric adjustment 
of image coordinates on aerial photography. A substantial 
amount of computer software is needed for this type of 
mapping system; however, with the rapid advances in 
computer technology in recent years, such systems will 
inevitably become more efficient and available in the 
future. 
Since the stand map produced in this study is already 
orthographically corrected, only a simple transformation 
would be required to register digitized stand boundary (map) 
coordinates to the (ground) State Plane Coordinate system. 
Storing delineated stand boundaries as polygons (sets of 
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coordinates) would allow for increased flexibility in 
mapping. In particular, the ability to display levels of 
various attributes (singly or in combination) by computer 
graphics could be especially useful. At present, delineated 
stands are only designated by an identifier number; 
attribute values for those stands must be found from a list. 
If specified (but adjustable) categories of an attribute 
could be color-coded or shaded and displayed graphically, 
visualization of that attribute would be greatly 
facilitated. Other possibilities includegraphic display of 
one particular type (i.e., habitat type) or level (i.e., 
less than 20 cubic feet growth per acre) of attribute, 
aggregation of adjacent stands with identical attribute 
category values, and display of combinations of attributes 
(i.e., various color combinations). These refined 
cartographic techniques would greatly enhance the value of 
the existing stand map as a planning tool. However, 
translating the stand map into digital form and refining the 
computer mapping technique could be a sizeable project in 
itself and is not without certain problems. Digitizing the 
stand map is recommended, but perhaps first on a small 
portion of the map as a trial test. 
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From the standpoint of the practicing forester who may 
not have access to photogrammetric or computer mapping 
facilities, the ability to accurate map stands is probably 
less important than being able to predict stand attributes 
from aerial photography. The photointerpretation variables 
used in this study are certainly not beyond the grasp of 
most trained foresters, and as computer analysis becomes 
more feasible locally with micro- and minicomputers, stand 
attribute prediction should be a very feasible activity. It 
should be stressed, however, that predicted attribute values 
can not be a replacement for actual stand inventory data. 
The main intent of this research was to provide an aid to 
efficient planning and organization of forest management 
activities. 
CHAPTER VII 
SUMMARY AND CONCLUSIONS 
This study has successfully demonstrated a workable 
technique for stand delineation, evaluation, and mapping 
using conventional photogrammetric methods and materials. 
The use of a photointerpretation criteria recognizing 
overstory vegetation and topographic parameters was found to 
be useful for evaluating stands in terms of eight different 
attributes: cubic and board foot volume per acre, cubic and 
board foot growth per acre, average site index and yield 
capability, habitat type, and forest type. Most of the 
photointerpretation variables were significantly related to 
at least one of the stand attributes. Expansion of ground 
data to delineated stands was accomplished using the 
photointerpretation variables as independent variables in 
regression and discriminant analysis. If predicted stand 
attribute values are used to assign delineated stands to one 
of several categories, this technique can provide in-place 
stand information suitable for forest planning purposes. 
Information relating to several different stand attributes, 
with varying degrees of reliability, can be accommodated 
through the flexibility of the photointerpretation system. 
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Volume per acre was the most successfully predicted 
stand attribute, possibly because of the strong dependence 
of this attribute on directly measurable overstory 
characteristics. Prediction equations for growth per acre 
and site quality were statistically significant but less 
successful. This is likely due to less straightforward 
relationships between the photointerpretation variables and 
ground data, but probably also partly because of 
difficulties in obtaining accurate estimates of these 
attributes on the ground. Estimation of growth per acre 
might be improved through the use of permanent growth plot 
data and possibly multi-date imagery. Based on ground data 
statistics, there is apparently little variation in site 
index and yield capability in the study area. Either more 
sensitive measures of site quality, or more sophisticated 
photointerpretation variables would probably be needed to 
better evaluate these attributes from aerial imagery. 
While more accurate prediction capabilities may be 
desirable for certain attributes, it is believed the stand 
delineations do represent actual and meaningful units on the 
ground. It is recommended that the mapped output, and 
associated in-place information, generated by this type of 
system be incorporated into a dynamic land information 
system, continuously being updated and improved as more 
information becomes available. 
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The technique presented here could undoubtedly be 
improved, both from a statistical and remote sensing 
standpoint, by incorporating automated image and terrain 
analysis. There is convincing evidence some of the 
photointerpretation variables could be more useful if they 
could be better quantified. Also, newly developed 
capabilities in computer graphics and cartography could 
greatly enhance the usefulness of the stand map. 
Nevertheless, stand delineation itself is likely to remain 
an essentially manual task, its sucess very much dependent 
upon the experience and judgement of the photointerpreter. 
Often, the criteria and methodology proposed for mapping 
stands, or any other natural resource, are based on ideal, 
well-defined situations which in reality occur only 
occasionally in natural populations. Apparently, certain 
stand conditions (such as certain types of species 
composition) can be evaluated more readily by subjective 
visual means than by statistical prediction, and an optimal 
system may well contain elements of both methods. Automated 
techniques should only be regarded as tools to more 
precisely characterize manually delineated stands. 
It follows that the information generated by this type 
of stand mapping scheme is in no way meant to replace 
field-sampled stand inventory data. Operational stand 
prescriptions and prognoses should be solidly based on 
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detailed on-the-ground assessments. However, in developing 
the planning strategy for relatively undeveloped or 
unsampled forest areas, this mapping technique may be 
especially helpful in visualizing the general distribution 
of stand conditions, and locating those conditions of 
interest to management. 
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Appendix C. Distributions of Photointerpretation Variables 
for Sampled Stands. 
abs. rel. abs. rel. 
f req. f req. f req. f req 
(%) (%) 
Pattern Plan form 
Uniform 18 19.3 Very convex 3 3.2 
Mottled Slightly convex 18 19.4 
-systematic 3 3.2 Straight 31 33.3 
Mottled Slightly 
-erratic 53 57.0 concave 22 23.6 
Broken 19 20.4 Very concave 10 10.8 
Undulating 9 9.7 
Texture 
Very fine 5 5.4 Profile form 
Med. fine 18 19.4 Convex 13 14.0 
Med. coarse 37 39.8 Straight 62 66.6 
Coarse 29 31.2 Concave 11 11.8 
Complex 4 4.3 Undulating 7 7.5 
CanoDv coveraae Modifiers 
Less than 25% 3 3.2 None 77 82.8 
25 - 40% 6 6.5 Logging 3 3.2 
40 - 55% 8 8.6 Mining 0 0.0 
55 - 70% 14 15.1 Outcrops 1 1.1 
70 - 85% 29 31.2 Swamps 5 5.4 
>85% 33 35.5 Hdwds(>60%) 2 2.2 
Hdwds(20-60%) 0 0.0 
Slope (%) 2-storied 
Less than 5% 5 5.4 stand 4 4.3 
6 - 15% 26 28.0 Unknown 1 1.1 
16 - 35% 31 33.3 
36 - 55% 24 25.8 
56 - 75% 7 7.5 
Aspect 
N 14 15.1 
NE 8 8.6 
E 5 5.4 
SE 13 14.0 
S 13 14.0 
SW 9 9.7 
W 6 6.5 
NW 20 21.5 
Flat 5 5.4 
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Appendix C. Distributions of Photointerpretation Variables 
for Sampled Stands (cont.). 
abs. rel. abs. rel. 
f req. f req. f req. f req. 
(%) (%) 
Ave. stand ht. Slope position 
Less than 30 2 2.2 Lower 37 39.8 
31 - 45 16 17.2 Middle 34 36.6 
46 - 60 46 49.5 Upper 22 23.7 
61 - 75 23 24.7 
>76 6 6.5 Ave, tone 
Light 11 11.8 
Ave. crn. dia. Medium 29 31.2 
Less than 7 2 2.2 Dark 53 57.0 
7 - 1 4  32 34.4 
14 - 21 42 45.2 Drainaae order 
21 - 30 17 18.3 1st 44 47.3 
2nd 21 22.6 
Physio, class 3rd 16 17.2 
Interfluve 3 3.2 4th 4 4.3 
Flat, bench 4 4.3 5 th 5 5.4 
Midslope Ridge, flat 3 3.2 
ridge 10 10.8 
Midslope 
facet 58 62.4 
Midslope 
drain 14 15.1 
Stream bottom 4 4.3 
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Appendices D and E: Key to Independent Variables 
CANCOVER = Percent canopy coverage 
COMBO = Ave. stand height X Ave. crown dia. squared 
X Percent canopy coverage 
COSASP = Cosine (Aspect azimuth) 
CWNDIA = Average crown diameter 
CWNDSQ = Ave. crown dia. squared 
DRNORD = Drainage order 
HT2CC2 = Ave. stand height squared X Percent canopy 
coverage squared 
LSPOS = Local slope position 
PIELEV = Elevation 
PIHEIGHT = Ave. stand height 
PIHT2 = Ave. stand height squared 
PISIOPE = Percent slope 
STAGE = Cosine (aspect) X Percent slope 
Dumny variable codes correspond to the category numbers of 
the original photointerpretation criteria. 
Example: Pattern category 1 (uniform) = DPATl 
Appendix D. Regression Equations 
Cubic foot volume per acre 
Variables in the equation 
Variable B Se B 95% Confdnce intrvl B Beta F Sig F 
HT2CC2 0.46C71D-04 .5040 2D-05 0.360050-04 O.56137D-04 0 .64310 83. 554 0. 0000 
DPKYS3 -1293. 87671 347. 40794 -1987. 69828 -60C.05515 -6 .32622 13. 871 • 0004 
DPHYS2 -1731. 62236 539. 98235 -2810. 04159 -653.20312 -0 .26295 10. 284 • 0021 
DELE 2 761. 16008 387. 02434 -11. 73090 1534.10107 0 .14719 3. 868 • 0535 
DELE6 687. 64618 264. 49953 159. 40414 1215.88822 0 .17337 6. 759 • 0115 
DASPP8 655. 71241 216. 2D788 223. 91546 1087.50936 0 .21343 9. ,198 • 00 35 
DT0NE2 739. 63628 257. 48382 225. 4U558 1253.86698 0 .24074 8. 252 • 0055 
DPHYS4 -794. 91309 258. 27758 -1310. 72904 -279.09713 * .28551 9. 473 • 0031 
DELES 775. 85161 292. 89610 190, 89770 1360.80552 0 .18577 7. 017 • ,0101 
DCANCV4 -765. 17487 352. 56076 -1469. 28733 -61,06241 -0 .18322 4. 710 • 0336 
DC* NCV5 -415. 69673 202. 59121 -8 20. 29933 -11,09413 -0 .15110 4. 210 • ,0442 
(CONSTANT) 1585. 79864 287. 56441 1011. 49286 2160.10443 30. 411 3. 0000 
U1 
Board foot volume per acre 
Variables in the equation 
Variable 8 Se B 95^ ; Confdnce intrvl B Beta F Sig F 
HT2CC2 C.34225D-03 . 99432D-0 4 0. 1430 60-03 0.54144D-03 1 .06 400 11 .348 .0011 
COMBO 0. 00457 0. 00113 2. 00231 0.0C632 0 .97650 16 .448 .00 02 
DELE B 4641. 64689 980. 16061 2678. 14927 6605.14451 0 .24753 22 .426 0.0000 
DELE6 2902. 15859 857. S3406 1183. 51215 4620.807C2 0.16 296 11 .443 .0013 
CANCOVEft -125. 27014 33. 25C27 -201. 89465 -48.64564 
T-
—V .43547 1C .726 .0018 
DPHYS1 3329. 79042 1482. 99756 358. 93934 6300.59150 0 .11261 5 .041 .0287 
CWNDSQ -19. 90624 4. 86713 -29. 65627 -10.15621 -0 .62462 16 .728 .0001 
DPLAN5 2873. 69253 1348. 80516 171. 71114 5575.67393 0 .11146 4 .539 .:375 
DT0HE2 2771. 28764 768. 95278 1230. 89014 4311.68514 c .20089 12 .989 .0007 
D0RD2 3149. 97935 756. 95297 1633. 6 22 36 4666.33834 0 .22834 17 .317 . 0 0 w 1 
DPHYS2 -8470. 11685 1872. 63766 -12221. 46384 -4718.77286 -0 .28645 20 .458 o.oooo 
DELE 2 2156. 59875 1254. 81521 -357. 09815 4670.29566 0 • C 9288 2 .954 .0912 
DPHYS4 -2161. 20326 763. 86496 -3691. 40363 -630.y97 89 -0 .17288 3 .00 5 . 0065 
DASPTl -2394. 70171 888. 84019 -4175. 26255 -614.14087 -0 .14069 7 .259 .0093 
DHIGH4 3039. 90563 770. 36286 1496. 68339 4583.12787 0 .24001 15 .571 . COv 2 
DCANCV2 5275. 52665 1629. 07 496 2012. 09739 8538.95592 0 .24715 10 . 487 .0023 
PIHT2 -2. 27737 0. 68267 -3. 6 4493 -0.90982 .75388 11 .129 .0015 
DASPT2 -1707. 7263C 952. 54764 -3615. 90851 200.45591 -0 .08 580 3 .214 .078 4 
DPLAN1 2917. 38095 1454. 33771 3. 992 45 5830.76945 0 .09 866 4 .024 .0497 
DASPT6 1562. 61372 930. 15015 -300. 70092 3425.92837 V • 28333 2 .822 .0985 
(CONSTANT) 13918. 83207 3336. 46551 7235. 083 55 20602.57560 17 .403 .0001 
Cubic foot growth per acre 
Variables in trie equation 
Variable B Se B 95% Confdnce intrvl B B eta F Sig F 
CAN COVER 0.20326 0.C9796 0.00761 0.39890 C.22453 4. 305 .0 420 
DLPQSi 13.75129 3.24175 7.27708 20.22551 0.36118 17. 994 .0001 
DPR0F3 16.13077 5.65573 4.83549 27.42605 0.2 4014 8. 135 .0058 
BTEX1 28.74389 7.54070 13.68408 43.80371 0.39 337 14. 530 • 0GC3 
DPISL2 7.38890 3.52918 0.34365 14.43715 0.17994 4. 383 • 040 2 
DASPT8 10.62530 3.87317 2.89305 18.36055 0.24476 7. 526 .0079 
DASPT4 12.12301 4.82987 2.47710 21.76893 0.21632 6. 300 .0146 
DPISL5 -11.70823 5.72114 -23.13414 -0.28231 -0.17430 4. 188 • C 448 
COHBQ 0.35139D-05 . 1 4640D-05 0. 59014D-«6 0. 64377D-05 0,23 868 5. 761 .0193 
DPAT3 7.11980 3.46879 G.19215 14 *04745 0.19392 4. ,213 .0441 
DTEX2 6.66225 4.24142 -1.80345 15.13294 0.14654 2. 467 .1211 
(CONSTANT) -3.14365 6.22448 -15.57479 9.28749 Q, , 255 
ui 
U) 
Board foot growth per acre 
Variables in the equation 
Variable 3 Se B 95% Confdnce intrvl B Seta F C ig F 
HT2CC2 f.26675B-0 5 .434660-06 0. 17 959 0-05 0. 35361D-05 0.52630 37. 661 0. 1000 
DPISL2 44.70960 14.71166 15.31270 74.10851 5. 23402 9. 236 • 0035 
DHIGH2 -45.47886 18.47222 -82.39265 -8.56507 -0.20 046 6. 362 1 ,2166 
DASPT6 50.91143 22.14678 16.65461 105.16824 0.21292 7. 564 • 0078 
DIEX3 -31.90017 13.27723 -58.43263 -5.36774 -0.19220 D • 773 • 0192 
DASPT4 66.36414 21.31468 23.77314 108.95813 0.25920 9. ,694 • 00 28 
DELE 7 -123.3659y 56.31516 - 236.9Q2H2 -9.82996 -0.16993 4. 715 • C 337 
DASPT8 24.97105 15.618 51 -6 . 243 0 5 56.18215 0.12579 2. 556 • 1149 
DPLAN5 44,43147 32.71418 -20.9 4260 109.80553 0.10458 1. 845 * 1793 
DLP0S1 31,33412 14.07167 2.91412 59.15412 0.17625 4. 864 • 0311 
DPISLl -55.73027 32.64847 -120.97303 9.51248 -0.13118 2. 914 • C 928 
DC^N2 -13.65363 13.67983 -45,990 55 8.68336 -O.i:877 1. 859 • 1776 
(CONSTANT) 81.08749 16.42330 48.26313 113.90684 24. 377 
r, 
•d • oocs 
»-• 
Average site index 
Variables in the equation 
Var iable B Se B 95% Confdnce intrvl 8 Beta F Sig F 
DTFX1 37.14850 5.59416 25.96229 48.33472 C.91995 44. 097 0.0000 
DPLAN5 15.65106 4.06344 7.52570 23.77641 0.34907 14. 835 .0003 
PIELEV -0.0C737 0.00205 -0.31147 -C. 00326 -0.29002 12. 392 .0007 
PIHT2 C.0C568 0.00222 0.00124 0.01013 1.03186 6. 535 .0131 
DCAKCVl -21.85815 7.23455 -36.32452 -7.39179 -0.24871 9. 129 .0037 
DPLAH3 -6.17562 1.83867 -9.35228 -2.49897 -0.29616 11. 281 .0014 
DPROF1 -8.14115 2.31444 -12.76916 -3.51314 -0.3C649 12. 373 .000 8 
DPAT1 -11.2 7409 2.86842 -17.00976 -5.53824 -C.47 953 15. 448 • 4 0 V A 
DTEX2 10.96834 3.01659 4.93629 17.00039 0.43657 13. 221 .0006 
DPHYS3 6.49723 3.C3505 0.42828 12.56619 0.23 979 4. 583 . 0 363 
DASPT8 5.66202 2.05639 1.55501 9.774C3 0.23602 7. 581 .0078 
DTUNEi 8.60138 2.99585 2.61050 14.59166 0.27772 8 . 243 .0056 
DTFX3 5.41246 2. 45088 0.51162 10.31330 0.270e5 4. 877 .0310 
PIHEIGHT -0.42248 0.288Q9 -0.99856 G.15360 -0.62 643 2. 150 .1477 
DP1SL2 2.62944 1.84676 -1.0 63 4C 6.32227 0.11587 2. C 27 .1596 
(CONSTANT) 86.30530 14.30188 57.70692 114,90367 36. 416 0,0000 
cn 
ui 
Average yield capability 
Variables in the equation 
Variable B Se 3 95% Confdnce i intrvl B Beta F 3ig F 
DTE XI 44. 82660 7. 64559 29. 56169 60.09152 C. 51864 34. 376 0.0000 
DPLAN5 26. 93842 3. 42596 10.11545 43.76138 C.2807C 1C. 221 .0021 
DPR0F1 -18. 94988 4. 98126 -23.89529 -9.00446 -0.33 331 14. 47 2 .0003 
DPLAN3 -12. 05258 4. 16646 -20.37118 -3.73398 -0.27034 8. 368 .0052 
PIELSV -0. 31003 0. 00504 -0.02D10 0. 43453D-34 -0.18446 3. 952 .0510 
DCANCV1 -48. 04261 16. 90325 -81.79103 -14.29419 -0.25540 8. C78 .00 60 
STAGE -24. 87336 8. 69224 -42.22797 -7.51874 -0.3C374 3. 189 .0056 
DASPT8 9. 46847 5. 21349 -0.9 4363 19.87753 0 . 18 4 40 3. 298 .0739 
DOkDI -6. 56807 3. 97972 -14.51384 1.37771 -0.154C8 2. 724 .1036 
DLPOS2 -5. 43761 4. 02502 -13.47383 2.59860 -0.12371 1. 825 . 1813 
(CONSTANT) 121. 46397 23. 19722 75.14922 167.77872 27. 417 0.0000 
cn 
a\ 
Appendix E. Discriminant Function Coefficients 
Habitat Type 
Standardized canonical discriminant function coefficients 
LSPOS 
PIELEV 
PISLOPE 
COSASP 
STAGE 
PATTERN 
TEXTURE 
CANCOVER 
TONE 
Func 1 
0.18654 
0.54259 
-0.04698 
-0.2940? 
0.76760 
0.19348 
-0.3160? 
0.43110 
0.01096 
Func 2 
0.59660 
0.04233 
0.42601 
-0.93116 
0.82666 
0.15486 
-0.11381 
-0.93545 
0.56463 
Func 3 
-0.11536 
-0.13978 
0.63837 
0.45978 
0.18612 
-0.35407 
0.44777 
-0.24906 
-0.04456 
Func 4 
0.14180 
-0.85804 
-0.02432 
-0.70469 
0.47206 
0.32046 
0.04712 
0.59938 
0.23903 
Func 5 
-0.14789 
0.11818 
-0.09510 
0.38956 
-0.14090 
0.82335 
0.02211 
-0.54613 
1.1442? 
Func 6 
0.67195 
-0.42596 
0.11662 
0.53431 
-0.73714 
-0.77882 
0.55571 
-0.34315 
0.54431 
Func 7 
0.21858 
-0.20242 
0.35962 
0.77739 
-0.63610 
0.35587 
-0.77735 
0.09505 
-0.11125 
Forest Type 
Standardized canonical discrininant function coefficients 
Func 1 Func 2 Func 3 Func 4 Func 5 
LSPOS -0.49710 0.06094 -0.30533 -0.00727 0.69722 
PIELEV 0.23293 0.77515 0.43592 -0.07072 -0.80060 
PISLOPE 0.04990 0.76928 -0.09829 0.04471 0.58647 
DRN0RD 0.4610? 0.52969 -0.13852 0.04784 -0.22676 
C0SASP 0.48067 0.29815 1.06323 0.00953 0.73332 
STAGE -0.39951 -0.13534 -0.43023 -0.08063 -1.08007 
TEXTURE -1.04048 0.65650 -0.06512 0.09098 -0.04164 
CUNDIA 1.13531 -0.24301 0.17307 -0.20689 0.25843 
TONE -0.50410 -0.12387 0.14832 0.66970 0.59687 
PIHEIGHT 0.08302 -0.37350 -0.36677 0.82883 0.01945 
